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ABSTRACT 


rhe El Teniente Mine of the Braden Copper Company, 45 miles south 
east of Santiago in central Chile, is the largest underground copper mine 
in the world. Although the immense Braden orebody has been exploited 
on a large scale since about 1908, the, only published description of the 
deposit stems from a brief examination by Lindgren and Bastin in 1917. 
Since that time, extensive exploratory and development work have pro 
vided a wealth of new evidence rhis paper presents a description of the 
deposit and conclusions regarding its origin based upon a recent three 
year study of the orebody and its environs 

Sedrock near the mine consists mostly of extensive volcanic flows and 
intercalated terrestrial sediments containing numerous unconformities and 
disconformities. ‘These rocks are correlated with the Tertiary (?) Farel 
lones formation, a recently-established stratigraphic unit that includes the 
uppermost portion of an extremely thick (50,000 + feet) series of rocks 
deposited in the Andean Geosyncline during Mesozoic and early Tertiary 
time. These rocks, predominantly andesites, have been broken by strong 
northeast-striking faults and intruded by quartz diorite, dacite porphyry, 
and hornblende lamprophyre 

The most prominent structural feature in the mine area is the Braden 
Pipe—a circular, downward-tapering hole in the volcanics, filled with a 
breccia, and surrounded by the orebody. It is believed that the Braden 
Pipe developed after ore deposition and upon the site of an older stock of 
dacite porphyry here seems to have been intermittent vertical displace 
ment of the fragmental pipe-filling material, herein termed Braden forma 
tion, relative to the surrounding rocks. This displacement was probably 
both upward and downward, but the final movement was a substantial 
subsidence of material within the pipe. 

Hydrothermal rock alteration appears to be comparatively mild, but 
indirect evidence suggests that the most intensely altered rocks may have 
been destroyed in the evolution of the Braden Pipe. The most obvious 
remaining alteration is the development of plentiful fine-grained secondary 
biotite throughout the andesite within the orebody. 

Metallization was probably more or less continuous, but at least five 
distinct stages can be recognized. The first was a relatively unimportant 
deposition of quartz and a little pyrite in the northeast-striking faults 
rhe second stage includes the main deposition of chalcopyrite and bornite 
with a quartz-anhydrite gangue The third and fourth stages are charac- 
terized by abundant tourmaline with minor sulfides. The fifth and final 
stage deposited relatively unimportant amounts of tennantite, galena, and 
sphalerite in a quartz-carbonate gangue. Subsequent supergene enrich 
ment has increased the original grade of primary ore almost twofold. 
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In comparing Braden with other mining districts, the Braden orebody, 
in spite of some apparent anomalies and structural peculiarities, seems to 
be almost a model porphyry-type deposit. The interrelationships of in 
trusive activity, breccia pipe formation, hydrothermal rock alteration, 
stockwork fracturing, and metallization are especially well illustrated and 
suggest certain generalities that might be applicable to all porphyry-type 


deposits 
INTRODUCTION 


Tue El Temente Mine of the Braden Copper Company is on the western 
flank of the Andean Cordillera in central Chile. It is the southernmost of 
the big South American porphyry copper mines, and in daily production, it 
is the largest underground copper mine in the world. Between 1906 and 
1959 the immense orebody has yielded almost 300 million tons of ore averaging 
approximately two percent of copper. 

To the economic geologist, the Braden orebody presents a rare oppor- 
tunity to observe, and a challenge to decipher, many details of ore deposition. 
This paper presents a description of the orebody and conclusions regarding 
its origin based upon a three-year geologic research project initiated in July, 
1956 by the Operating Properties Division of the Kennecott Exploration 
Department. 

Previous W ork.—Considering its size and economic importance, published 
information on the Braden orebody is relatively meager. The earliest de- 
scription of the deposit is a paper by Lindgren and Bastin (1) based upon 
a short examination in 1917. They concluded that the salient event in the 
orebody’s history was a violent explosion that produced a deep volcanic crater 
and shattered the surrounding andesite, thereby providing ample open spaces 
for subsequent deposition of ore minerals. They also visualized a rather 
complex sequence of metallization with an intervening intrusion of alkali 
porphyry breccia 

Briiggen visited Sewell briefly in 1932, and without collecting any sig- 
nificant new evidence, he interpreted the data of Lindgren and Bastin quite 
differently (2). He questioned the volcanic explosion origin of the “crater” 
and proposed a more plausible sequence of mineral deposition 

Field Work and Scope of Paper—During the three-year period, surface 
geology in the vicinity of the mine was mapped on a scale of 1: 2,500, ac- 
cessible underground workings were mapped on 1: 1,500-scale, and all avail 
able diamond drill core was logged. Reconnaissance traverses and aerial 
flights over the mine area helped to establish the regional setting. Topo- 
graphic maps for the field work were prepared photogrammetrically from 
aerial photographs of the region. Petrologic classifications and paragenetic 
relationships were determined from the examination of more than 400 thin 
ind polished sections, and from chemical analyses of selected rock and mineral 
specimens 

Colored ore zone overlays on acetate tracing film were compiled from 
channel samples and diamond drill hole samples and accompany each geologic 
plan and section map 

Data accumulated from these and other sources have led to conclusions 
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that differ importantly from those reached by Lindgren and Bastin. The 
work has also yielded prompt and substantial economic returns. 

In a sense, this paper should probably be regarded as a preliminary re- 
port. With an orebody as large and complex as the Braden deposit, two 
geologists within a three-year period could, in effect, do little more than 
work out the geologic essentials and lay a foundation upon which detailed 
studies might follow \ resident geology department has now been made 
an integral part of the Braden operation, and thus the conclusions presented in 
this paper will be subject to subsequent modification or substantiation by 


continuing geological studies 


























- = ro*\30° 
SCERRO OfGq-~ | > 
Pasco] | ? 4 
ut LA onoval | _ ~ 
{BOLIVIA FRANCISCO z 
ERU +4 
A Paz ; = , : e. se?) 
TOQUE Pal a 1 
Ve ° 
. “9 a - 4 5 ate COO Gua 
| covoulcamaTa ve — 2 
ws / GRANEROS = 3 SEWE 
“ « 7 LL 
le. sacvaoon | 7 ¥ (nein) @MINE 
z © e 
© \porreriie / » 7 e 
\ = s < LETONES 
° | . —- 2 - e 4? (Geroiter) 
. - ) 
j | ~ q < Py © 
ee ? }ARANCAGUA y 
: > 
\ & C) 
e | Or 
- | | es ¢ Cora 
| ; 4 
ve a 5S "S55 (ytrectectwie (Hydroelectric Piont) 
‘od ° Oa, Plant) 
t 
re) r »\©& OPARRON 
\ >) ao O:spose o 
_ ' Site) ® 
’ : 
a ¢ , | 4 
- 3 
Pu. - 
o:12345 10 ‘s 
MILES 














Fic. 1. Index map showing mine and installations of the Braden Copper Company. 


Because this paper was prepared in Chile and without access to a geological 


library, the literature could not be reviewed as would have been desirable, 


hence relatively few references are given. 
LOCATION AND GENERAL SETTING 


The Braden Mine is at Sewell on the western slope of the Andes Moun- 
tains, 45 miles southeast of Santiago, the capital of Chile (Fig. 1). Opera- 
tions of the Braden Copper Company are dispersed throughout much of the 
Rio Cachapoal watershed. The various camps are connected by a narrow- 
gauge, company-owned railroad that terminates at Rancagua, a town of 50,000 
inhabitants in the heart of Chile’s fertile Central Valley, about 50 miles 


south of Santiago 
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From Rancagua, the railroad runs eastward up the Cachapoal Valley for 
18.8 miles to Coya, near where are located the two hydroelectric plants that 
supply power for all of the company’s operations. At Coya the railroad 
leaves the Cachapoal Valley and follows a tributary, the Rio Coya, north- 
ward for 16.3 miles to Caletones, the smelter camp, at an altitude of 5,100 
feet. From Caletones, the railroad continues up the narrow precipitous 
gorge of the Rio Coya to Sewell at an altitude of 7,000 feet, 43 miles from 
Rancagua. Sewell has about 11,000 inhabitants and is the main camp for 


the mine and mill (Fig. 2 





Fic. 2. Photograph of Sewell with Braden Pipe and Mine area in upper right. 


The orebody crops out on the steep slope southeast of the Rio Teniente, 
about 1} miles east of Sewell 

The highest peaks in the Sewell area are near 12,400 feet in altitude and 
are remnants of an old westward-sloping volcanic plain. All drainage is 
generally to the west. The many streams and rivers, fed by heavy winter 
snowfall, originate from glacial lakes and perennial snowbanks in cirque basins, 
and follow U-shaped valleys along their upper portions. At lower altitudes 
the watercourses have cut deep V-shaped valleys, reflecting strong recent 
uplift 

Average annual precipitation at Sewell is about 42 inches, most of which 
falls as snow between May and September. Annual snowfall averages about 
21 feet, but the relative humidity is very low throughout the year. Due 
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to the scarcity of rain and the steepness of the terrain, there is almost no 
vegetation above 6.000 feet of altitude. 


HISTORY AND DEVELOPMENT 


In Chile, the Braden Mine is called the El Teniente Mine, the name 
originating from its legendary discovery in 1706 by a fugitive Spanish army 
lieutenant (el teniente in Spanish The first official records of ownership 
and production are for the year 1819. From the time of its discovery until 
1903, small amounts of high-grade ore were mined intermittently from 
shallow workings by primitive methods, the ore being hand-sorted and trans- 
ported by mule to the coast. As very little ore contained more than 4 per- 
cent of copper, it soon became apparent that successful exploitation of the 
deposit would require facilities for concentrating the ore. In 1903 William 
Braden and E. W. Nash, then president of the American Smelting and Re- 
fining Company, acquired interests in the property, and in 1904 they formed 
the Braden Copper Company. A 35-mile wagon road was built to the mine 
from Graneros in the Central Valley, and in 1906 construction of a 250-ton 
per day concentrator was completed. The railroad from Rancagua was 
started in 1906 and finished in 1911. The property was taken over by the 
Guggenheim interests in 1908 and the whole plant capacity raised to 5,000 
tons per day. In 1915 the Kennecott Copper Corporation acquired a con- 
trolling interest, and since then, plant capacity has gradually been increased 
to about 34,000 tons per day 

Ore is mined by block caving and transferred by gravity through an ex- 
tensive ore-pass system downward to No. 5 level, the lowest and main haulage 
level. Production rate is governed by the availability of water, both for the 
mill and for the generation of electric power. During the coldest part 
of the winter when run-off is very low, production is restricted, the lowest 
rate being about 22,000 tons per day. Recent annual mine production is 
about 11 million tons of ore Che ore possesses ideal characteristics of caving 
well when undercut, and yet the rock stands satisfactorily in underground 
workings. The mine has been explored and developed by more than 500 
miles of recorded horizontal and vertical workings and by considerable dia- 
mond drilling, covering an area more than a mile in diameter and extending 
toa depth of 5,000 feet below the outcrop 


REGIONAITI GEOLOGY 


The geologic history of the Andean Cordillera in central Chile begins in 
the Jurassic Period and is a story of rapid and prolonged geosynclinal deposi- 
tion, punctuated by marine transgressions, orogenic disturbances, and periods 
of intense volcanic activity Early in the Mesozoic Era a long narrow trough 
of intermittent subsidence—the Andean Geosyncline—developed along the 
western marg 


~ 


of the Brazilian Shield, approximately in the same place now 


it 
occupied by the Andes. During the Mesozoic and early Tertiary, a tre 


mendous thickness—at least 50,000 feet—of volcanic extrusive rocks with 
intercalated terrestrial and marine sediments accumulated in this geosyncline 
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Subsequent strong uplift, associated with the intrusion of the Andean Bath 
olith, elevated this synclinal filling to form the Andean Cordillera. Charles 
Darwin (3), in 1837, named this thick column of heterogeneous rocks the 
“Porfiritica Formation,” and until recently, no attempt has been made to 
subdivide it into lithologic units. The term has served as a convenient 
“catchall” in the Chilean geologic literature. 

In 1953 Klohn (4) initiated studies to divide the Porfiritica Formation 
in the central Cordillera into mappable units. He has established a tentative 
subdivision comprising six formations, with fourteen stratigraphic members 
(Fig. 3 Interformational boundaries are fixed by the upper and lower 











MINE AREA __| 
ROCK TYPE 


MORNOEROR —_ AMPROP WYRE ] 
FOUND OMY STON THE GRADER 
Sie -steatif ito errccs 
wan PEeRioo or COPPER WINER AL (ZATION 
DACITE PomPwvey [°MCITE SOMPHYeY DinES witwin Trl 
Cssecene Miia Mime a 
pee hie aan T iT . aha 
— | QUART? CHORITE fam nansing Row O)ORITE TO sOmmOMiTE | 
COCENE FARE. ONES unc OnNfore:TY-—w4 


(9,000 NCONFOR MI TY 
PALE OCENE wintae ueren VARICOL.ORTD VOLCAMIC AGG OMERATES 


" | 

= FARE LONES amb FYROCLASTIC S£08 wiTe wrteerD | 
[2 aMOESITE and Gena, 

’ (2,500 FT) | 


CHILENSE Se a 4 
10900 FT) 





PLE IS TOCE NE 


ON 











PLIOCENE 








@\ OCENE 








commevar 








CENEZOIC 
TERTIARY 

















nl 


_ PROGENY wioone CEL. CEDOED  ALTERNATINS PURPLE 
LACUSTEINE SEOUMENTS 460 GREENISH 

FARE. LOWES 

COL mary CPIOOTIZED ancesiTic FLowS 

1900 FT (2300 FT) 


CRETACEOUS 








—REGRE SS) 
ANOEAN MARINE CYCLE fT). 
>PER TT PANS! 33 'ON—— 
uv CxTPEMELY MASSIVE “OuDGENEOUS 
suRassic 


’ ’ Tcy 
TERRESTRIAL Cxtevervt amorsrrt ee 





- 


{ rT se 8 & seG.LOmrnaTe f\ow 
Op00 FT) 





JURASSIC PECK, AND AMTOOULAR OF VESICULAR 
yg ame srt 


(8,500 FT) 
— RANSERE $8104 
WO TRADERS SOIONS CHILENse 
TWO REGRESS/ONS 


ve 
o 
N 
° 
” 
w 
2 






































| TRIAS JURASS! 


r 





Correlation of stratigraphic units in the Braden Mine area 


limits of marine sedimentation, by angular unconformities, or by erosional 
disconformities. Klohn lists four marine transgressions and regressions 
during the Mesozoic, with the final regression at the close of the Lower 
Cretaceous, followed by three major orogenies. He correlates the middle 
orogeny at the close of the Mesozoic with the Laramide (?-ogeny in North 
\merica 

Except for intrusive rocks, all bedrock in the Sewell-Coya region belongs 
to the Chilense and Farellones formations (Fig. 4). 

The Upper Cretaceous Chilense formation occurs in two north-trending 
belts, each from 5 to 8 miles wide, and separated by about 18 miles of over 
lving Farellones formations The Chilense consists of extrusive flows, por 
phyritic pyroclastic rocks, and well-bedded lacustrine sediments. The beds 


are folded, and steep, loca 


y-divergent dips are common 
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The top of the Chilense is marked by a conspicuous angular unconformity, 
above which lie tilted and gently folded strata of the Farellones formation 
In the Sewell area the Farellones is the predominant formation and contains 
at least six angular unconformities. The two with the largest discordance 








have been used to divide the formation into three members. The lowest 
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Fic. 4. Regional geology surrounding the Braden Mine 


member is the host rock for most of the orebody and consists of massive 
andesite containing lenses of flow breccia and other sparse evidence of its 


extrusive origin. The middle member comprises well-bedded epidotized 
andesitic flows and purple lacustrine sediments. The top member contains 


abundant agglomerates and pyroclastic beds, with intervening flows of andesite 
and basalt 


he Braden orebody lies near the center of the Andean Geosyncline in 
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a well-defined belt of intrusive stocks, dikes, and sills about 12 miles wide 
Volcanic beds within this belt are conspicuously disrupted and distorted 
Although individual intrusive masses differ somewhat in composition and 
texture, the predominant rock type is quartz diorite, suggesting a common 
genetic relationship to the underlying Andean Batholith. The center-line 
of the belt lies about 28 miles west of the continental divide. To the east 
of the belt, gently-dipping volcanics predominate, pierced at intervals by 


volcanic cones along the crest of the Andes 


ROCK TYPES AND PETROGRAPHY 

When surface geologic mapping was started during the 1956-1957 field 
season, virtually no geologic maps of the central Chilean Andes were avail 
able. In the region surrounding the Braden Mine we found a thick series 
of voleanic extrusive rocks and terrestrial sediments, invaded by various in- 
trusive rocks. Chilean geologists considered this section, which exceeds 
20,000 feet in thickness, to be a part of the ill-defined Porfiritica Formation 
This classification in itself was hardly suitable, for in order to work out the 
structural setting of the orebody, smaller, more precise, mappable rock units 
were needed. Based upon lithology, structural traits, conditions of sedi 
mentation, and orogenic discordances, four major subdivisions were recog 
nized. However, as none of these rocks contains diagnostic fossils, the 
resultant scheme could not be correlated with the geologic time scale 

With the publication of Klohn’s preliminary report (4) in 1957, there 
existed a more comprehensive framework with which our local map units 
could be correlated (Fig. 3 However, due to the size and ruggedness of 
the area, the rapid lateral lithologic changes within individual beds, the occa- 
sional absence of certain units, and in some places the scarcity of good ex 
posures, it was usually impossible to make direct visual correlations. The 
relationship shown in Figure 3 is based largely upon a matching of similar 
sequences of analogous rock types and upon the tracing of unconformities 
of differing discordance. With only such indirect evidence, and lacking 
any ready means of determining absolute age, the chronology of the strati- 
graphic units in the Braden Mine area should probably be regarded as 
somewhat provisional. Subsequent more extensive field work will undoubt 
edly provide a more precise definition 


Volcanic and Sedimentary Rocks 


Chilense Formation.—The oldest of the four stratigraphic units in the 
jraden area corresponds to Klohn’s Upper Cretaceous Chilense formation 
Its limits are unknown, but probably the Chilense occurs in much of the area 
formerly occupied by the Andean Geosyncline. In the drainage basins of 
the Rio Cachapoal and Rio Maipo, strata of the Chilense formation occur in 
two north-trending belts, each from 5 to 8 miles wide (Fig. 4). The Chilense 
does not occur within 10 miles of the Braden Mine, but it probably underlies 
the orebody at moderate depth. Good exposures of well-bedded Chilense can 
be seen along the Braden railroad both to the north and to the south of Coya 
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As the Chilense formation is only remotely related to the Braden ore- 
body, it was not mapped nor studied in much detail. In the exposures near 
Coya, alternating beds of lacustrine sediments and volcanic extrusive rocks 
range in thickness from a few inches to several feet and show prevailing 
gray, purple, and brown colors. The beds are commonly rather tightly folded 
so that dips are local and generally steep. Sedimentary beds range from 
siltstones to conglomerates and lack lateral continuity. The volcanic beds 
are usually thicker and of variable composition, including andesite, basalt, 
agglomerate, and pyroclastic beds 

Che top of the Chilense formation is marked by a prominent angular un 
conformity, and Klohn (4) reports that the bottom of the formation is simi 
larly represented. Although no fossils have been found in the Chilense, 
Klohn’s assignment of it to the upper Cretaceous is based upon indirect, but 
good, evidence. Total thickness is approximately 10,000 feet. Apparently 
the upper Cretaceous in central Chile was a time of crustal unstability and 
intermittent volcanic activity 

Farellones Formation.—The uppermost part of the old Porfiritica Forma 
tion conspicuously covers a large area of central Chile and corresponds to 
Klohn’s Farellones formation. Except for later intrusive rocks, bedrock 
within several miles of the Braden Mine comprises more than 9,000 feet of 
heterogeneous volcanic rocks that are tentatively correlated with the early 
Tertiary (?) Farellones formation. We have subdivided this thick column 
of rock into three distinctive lithologic members, separated by angular un 
conformities. Each member also contains one or more additional uncon 
formity of lesser discordance. As this subdivision has not been used before, 
the relative distribution and thickness of the three members of the Farellones 
are unknown outside of the Braden Mine area. The early Tertiary in central 
Chile followed the prominent hiatus corresponding to the Laramide Orogeny 
and must have been a time of strong tectonic disturbance accompanied by 
intense volcanic activity and periods of rapid erosion. 

Outcrops of the lower Farellones member of the Farellones formation, 
exposed through a window in the younger rocks, are confined to within a 
few miles of the mine, where they have been mapped and studied in con- 


siderable detail. The lower Farellones seems to be missing above the belt 


of Chilense west of Sewell, but to the east, the massive cliffs along the upper 
tributaries of the Rio Cachapoal probably belong to the lower Farellones 
The following description is confined to the lower Farellones exposed near 
the mine 

The lower member of the Farellones formation is the principal host rock 
of the orebody and consists almost entirely of massive extrusive andesite. 
teing the oldest stratigraphic unit in the mine area, it is found in topographic 
lows where it crops out along the lower slopes of both the Coya and Teniente 
Canyons for several miles above and below Sewell. The bottom is nowhere 
exposed, even in the deepest drill holes and workings in the mine. The 
top is marked by a prominent angular unconformity that undulates gently and 
dips flatly to the southwest. Maximum exposed vertical thickness is about 
+,000 feet, but its true thickness, measured normal to the beds, is probably less 
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The andesite is homogeneous and extremely massive so that evidence of 
its extrusive origin is usually difficult to find. This is probably why Lindgren 
and Bastin considered the andesite to be an intrusive rock. Detailed map 
ping has shown, however, that it contains agglomeritic flows, lenticular beds 
of flow breccia, and sparse amygdaloidal and vesicular layers. Most of these 
features are very effectively masked in the immediate mine area by abundant 
secondary biotite. Outcrops are iron-stained and appear to be very massive, 
but generally the rock is well broken by jointing, minute fractures, and 
closely-spaced sheeting. Without the sparse extrusive features, it is almost 
impossible to detect the bedding. However, enough bedding has been recog 
nized and mapped to show that the lower Farellones in the Sewell area has 
been rather broadly folded, with dips ranging up to 60 or 70 degrees. These 
flexures have north-trending axes that parallel the regional structure 

Except for its extreme thickness, the lower Farellones andesite is almost 
identical with other extrusive andesites, both older and younger, throughout 
the Cordillera. Where fresh, it is dark gray and ranges in texture from an 
aphanite to a fine-grained porphyry with phenocrysts up to 3 mm long. Flow 
structure is quite commor Che feldspar of both groundmass and phenocrysts 
is andesine or labradorite. Ferromagnesian minerals are hornblende and 
less abundant augite, both generally strongly altered to chlorite and epidote 
Magnetite, probably titaniferous and commonly altered to leucoxene, is the 
predominant accessory mineral, and apatite is locally abundant. Quartz and 
potash feldspar are almost completely absent 

In the peripheral area surrounding the orebody the andesite may show a 
moderate propylitic alteration with abundant calcite, epidote, and chlorite, 
giving the rock a light-green color. Throughout the orebody, and for some 
distance beyond its boundaries, the andesite is flooded with a fine-grained 
secondary biotite that can be recognized megascopically by a characteristi 
silky sheen on freshly fractured surfaces. Within the orebody, the andesite 
in places is strongly silicified for several feet from contacts with the intrusive 
quartz diorite. On the upper levels the andesite may be strongly argillized 
and/or sericitized, probably by surficial alteration, to a white or light-gray 
punky material 

The middle Farellones member occurs in a single northwest-trending belt 
about one-half mile wide just north of the mine. Elsewhere in the area, 
it is missing between the upper and lower members. As the middle Farel 
lones has no important bearing upon the orebody, its description will be brief 

\bove the prominent unconformity on top of the folded lower Farellones 
lie about 2,500 feet of gently tilted strata of the middle Farellones. This 
member consists of alternating beds of greenish epidotized andesitic volcanics 


ru 
and brownish-purple lacustrine sediments. Average thickness of individual 
beds is about 5 feet \s the member contains numerous angular unconformi 


ties of slight discordance, the strike of the beds is variable, but the dip seldom 
exceeds 30 degrees. The top of the middle member is marked by another 
angular unconformity that is also an erosion surface of considerable relief. 


Flat-lying fresh volcanic beds of great variety form most of the ridge tops 
in the Sewell area and belong to the upper member of the Farellones forma- 
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tion. It is the predominant rock type throughout most of the Rio Cachapoal 
and Rio Maipo drainage basins and comprises a section at least 2,500 feet thick. 
It rests unconformably on both the middle and lower members; the top has 
not been found in the Sewell area. None of the orebody occurs in the upper 
Farellones, but at one time, before erosion had removed the upper part of 
the orebody, the upper Farellones member was probably an important host 
rock. It is characterized by multicolored flows of andesite and basalt inter- 
calated with agglomerates and pyroclastic beds, all dipping rather uniformly 
from 8 to 12 degrees to the south. To the west, along a north-trending line 
through Caletones, these prominent beds give way abruptly to an undeter- 
mined thickness of pyroclastic material that lacks sorting and is only slightly 
consolidated. This fragmental rock seems to be a lateral facies change of 
the upper Farellones, but it may also be partly younger. 

Braden Formation.—The Braden formation includes all of the detrital 
material that fills the Braden Pipe—the most prominent structural feature 
associated with the orebody. The Braden Pipe is described in detail below 
under Structure. It will suffice to say here that the Braden Pipe is a circular, 
downward-tapering hole in the volcanic rocks about 4,000 feet in diameter 
at the surface, which has been filled with a variety of rock debris and is 
surrounded on all sides by the Braden orebody. 

This pipe-filling material, which Lindgren and Bastin called the Braden 
Tuff, is fragmental, fairly well-consolidated, and although the larger frag- 
ments are all rounded, it is in truth a breccia. The fresh material is light 
gray and resembles broken concrete. On the surface, iron oxides color it 
rusty brown. The difference in particle size is extreme, ranging from 
sub-microscopic rock and mineral particles to rounded boulders several feet 
in diameter. Most of it is completely unsorted, but in some places, par- 
ticularly on the surface, a crude bedding can be seen. Even where the rock 
is well-bedded, however, thin-sections show no conclusive evidence of sedi- 
mentation, for all of the smallest particles are markedly angular, and sorting 
has been very imperfect. Yet, in an area on the surface in the western 
portion of the pipe, this bedding is well-developed and so extensive and so 
consistent in attitude that the operation of some sedimentary sizing action 
can hardly be denied. It might be inferred that while the Braden formation 
was being deposited, a shallow lake existed intermittently within the Braden 
Pipe. The bedding must have been horizontal at one time, but it now dips 
everywhere toward the center of the pipe, being steepest near the edges and 
flattest in the middle. 

The fragments consist largely of the same rock types that occur around the 
margins of the pipe, but some, including a few chert fragments, are clearly 
extraneous. A significant feature is the abundance of ore fragments through- 
out the Braden formation \round the margins of the pipe they are plentiful 
enough to make mineable ore, and throughout the remainder of the pipe the 
average copper content is between 0.2 and 0.3 percent, with a decided increase 
in depth. The ore fragments range in size from the smallest particles to the 
largest boulders, and invariably the ore minerals are fresh primary sulfides 
Another important feature of the Braden formation is the gradual downward 
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increase in the number of fragments of quartz diorite and dacite. Some 


of 
these fragments are fresh 


others are strongly altered and contain abundant 
fresh chalcopyrite. The Braden formation also contains sparse tiny veinlets 


carrying gypsum and late-stage sulfide mineralization 


Intrusive Rocks 


Andesite.—The only known intrusive andesite found in the whole Sewell 


area is confined to a few small dikes in the middle and upper Farellones about 


a mile northwest of the mine Petrographically, it is a fine-grained porphyry 


identical to most of the extrusive andesite. In outcrops, however, the in 
trusive andesite is less fractured and sheeted, and it weathers to a distinctive 


white, pock-marked surface. Original composition, now somewhat changed 
by moderate propylitic alteration, was about 65 percent labradorite-andesine, 


27 percent hornblende, and & percent magnetite. In age, it is younger than 


the lower part of the upper Farellones; lacking any other age relationships, 
it cannot be dated more closely It is probably related, maybe as feeder dikes, 
to some of the later andesitic flows 


Ouarts Diorite.—Stocks, dikes, and irregular masses ranging from diorite 


to monzonite are scattered throughout the intrusive belt described above under 
Regional Geology. The largest mass is an elliptically-shaped stock about 8 
miles long on the Rio Maipo, 20 miles north of Sewell 

Outcrops are massive, light-gray to white, and generally smoother and 
more rounded than those of the volcanic rocks. The nature of the 
varies with the size of the intrusion 
sharp boundaries ; 


contacts 
Dikes and small masses generally have 
the larger intrusions have gradational contacts several feet 
wide. The quartz diorite apparently invaded the volcanic rocks in 


a passive 
manner, for there is no 


evidence of it having folded or otherwise disrupted 
the extrusive beds 

Fresh quartz diorite from outside the mine area generally has a medium 
to fine-grained hypidiomorphic texture, but some is porphyritic with up to 40 
percent of groundmass. Plagioclase, biotite, hornblende, and quartz can be 
recognized in hand specimens. Some varieties contain large scattered pink 
orthoclase crystals up to 1 cm in length. The plagioclase is mostly andesine, 
ferromagnesian minerals are pre 
dominantly hornblende and biotite, with minor augite 


averaging about 2 to 3 mm in grain size; 
Orthoclase and quartz 
each make up about 15 percent of the fresh rock, and apatite, magnetite, 
zircon, and sphene are the common accessory minerals All thin sections 
show slight to moderate alteration to chlorite, epidote, calcite, and magnetite, 
with minor sericite 


Near the orebody, the texture is generally more porphyritic with an 


average of about 20 percent groundmass. The plagioclase is commonly albite, 
and orthoclase is very scarce. Biotite and hornblende are strongly altered 
to chlorite and are much less conspicuous than in the fresh rock. Argillation 


and sericitization are locally very strong, and due to the attendant release 


of free silica, quartz makes up much of the groundmass. Chemical analyses 
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of the altered quartz diorite from within the orebody show 63 percent silica, 
indicating a mineralogical rearrangement, but no substantial increase in silica 
over the comparable fresh rock. Alumina remains about the same, but all 
of the bases have been noticeably extracted by alteration 

The quartz diorite can be assigned an age relative to other rocks in the 
area, for it intrudes the upper Farellones member, and in turn, is cut by dikes 
of dacite porphyry. 

Dacite Porphyry.—Dacite porphyry occurs in relatively small amounts 
and is restricted to within a mile of the mine. It is important genetically 
for it seems to be very closely associated in age with the main period of copper 
mineralization 

The largest mass of dacite porphyry is a dike about 400 feet wide ex 
tending almost due north from the Braden Pipe for about a mile. Another 
much smaller dike is found about a mile southwest of the mine, and other 
small discontinuous dike segments exhibit a tendency to encircle the Braden 
Pipe. In the latter case, the dikes resemble cone sheets, for they nearly always 
dip inward toward a common center 

The dacite porphyry is a fairly massive, almost white rock characterized 
by prominent black biotite books, rounded glassy quartz eyes, and cream 
colored altered feldspars in a white aphanitic matrix. The feldspar pheno- 
crysts are albite-oligoclase, and a little orthoclase is in the groundmass 
Normally the groundmass constitutes from 30 to 60 percent of the rock 
\patite, zircon, magnetite, and sphene are common accessory minerals. In 
narrow dikes and along margins of the wider dikes the dacite porphyry is 
commonly finer-grained, darker, and more basic than usual. Here, biotite 


is more abundant, a little hornblende appears, the plagioclase grades into 
andesine, quartz content decreases, and the proportion of groundmass in 
creases. Most of the dacite porphyry, especially im the wider dikes, has been 


strongly silicified, accompanied by moderate to strong chloritic alteration of 


the biotite and sericitization of the feldspars and groundmass 

Absolute age of the dacite porphyry is unknown, but we can bracket its 
relative age, for it cuts the quartz diorite, and is, in turn, cut off by the Braden 
Pipe. In some occurrences the dacite porphyry closely resembles the more 
porphyritic facies of quartz diorite. There might be a close genetic relation 
ship between the two, with dacite porphyry representing a later, more acid 
fractionation of the quartz diorite magma 

Latite Porphyry.—Latite porphyry is restricted to the Braden Pipe where 
it occurs as irregular autobrecciated masses that are both concordant and dis 
cordant in relation to bedding in the Braden formation. The latite is some- 
what enigmatic, and its precise mode of origin is still uncertain. Lindgren 
and Bastin attached great importance to the latite and considered it to be an 
intrusive breccia that had been forced upward around the margins of the 
pipe. Mine workings and diamond drill holes now show that the latite is 
most abundant on the surface and that at depth it is restricted to one or more 
relatively sma! intrusive passageways 

Where bedding in the Braden formation is well-developed, latite porphyry 
occurs as tabular conformable masses that could be either intrusive sills or 
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extrusive flows. Existing evidence is inconclusive. Other occurrences of 
latite porphyry have steeply-dipping contacts and seem to be irregular pipe- 
like intrusions 

All of the latite porphyry, except for a small portion in the interior of 
the largest masses, is typically autobrecciated. Rounded to sub-rounded frag- 
ments up to several feet in diameter characteristically occur in a matrix of 
the same k. Nearly all contacts between latite porphyry and Braden 
formation ar: ill-defined and gradational. The Braden formation contains 
an increasingiy greater proportion of latite fragments of larger size as latite 
masses are approached 

lhe rock is variable in appearance, ranging in color from dark green to 
light green or white. It is characterized by a medium to coarse-grained 
porphyritic texture, with phenocrysts of andesine-labradorite, orthoclase, horn- 
blende, and sparse biotite and quartz in an aphanitic groundmass that makes 
up about 69 percent of the rock. Most of the latite porphyry is unmineral- 
ized, but in places it does carry pyrite and sparse veinlets of late-stage 
enargite-chalcopyrite mineralization. Emplacement of some of the larger 
masses was accompanied by strong tourmalinization. Near contacts between 
latite porphyry and the Braden formation, tourmaline has replaced the matrix 
of both rock types in varying degrees 

Generally the latite porphyry is so strongly altered to sericite, chlorite, 
and calcite that precise petrographic classification is impossible. However, 
it is clear that there are several varieties, and that its emplacement took place 
intermittently over a considerable period of time. Well-rounded fragments 


of latite scattered abundantly throughout the Braden formation represent a 
rock that must be appreciably older than the latite masses described above. 
Lamprophyre-—A _ single narrow hornblende lamprophyre dike is the 
youngest intrusive rock. Although it averages only 6 feet in width, it is very 
persistent and cuts across the southeastern part of the orebody on every level 


in the mine. It generally occurs in detached segments arranged en echelon. 
Near Sewell, it is restricted to the immediate mine area, but it reappears 
again near Caletones 

Underground exposures are blocky and strongly iron-stained and show 
prominent flow structure parallel to the dike margins. The rock is a fine- 
grained, dense, gray-black porphyry with hornblende needles about 1 mm 
long the only megascopically visible constituent. About 85 percent of the 
rock is microcrystalline groundmass with the remaining 15 percent consisting 
of hornblende needles and tiny sparse phenocrysts of augite and labradorite 
A little olivine, partly altered to iddingsite, is present. Alteration products 
are mainly chlorite and calcite. Augite is altered to hornblende and chlorite ; 
the hornblende is partly bleached, but otherwise fresh. The lamprophyre 
also contains a little pyrite and copper. Both cuprite and native copper are 
found as sparse cavity fillings and are undoubtedly of secon lary origin 

The lamprophyre is clearly post-ore and also later than the Braden forma 
tion, which it cuts. There is no apparent means of determining how young 
it might be 
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STRUCTURE 
Folding and Early Faulting 


Folding in relation to the Braden orebody is not significant, but it serves 
as a helpful guide in recognizing and correlating the various rock units. The 
Chilense formation is locally tightly folded, whereas the overlying lower 
Farellones member shows only broad flexures. Younger beds are commonly 
tilted, but exhibit folding only as local drag folds near faults. Most of the fold 
axes strike northward, parallel to the regional structural trend. 

The existence of an early crustal weakness in the Sewell area is shown 
by a prominent northeast-striking set of strong faults and veins. Original 
movement on them dates back at least to early Farellones time, and they 
clearly show that displacement has been intermittent and recurrent. The 
average strike is about N 55° E, so that they intersect the regional tectonic 
alignment at an angle of about 50 degrees. These faults and veins are more 
or less centered upon the Braden Pipe. They occur prominently for about 
2 or 3 miles to the northwest and southeast on either side of the pipe and 
continue to the northeast and southwest along strike for 6 or 7 miles, gradually 
dying out or disappearing beneath younger rocks. The faults generally dip 
away from the Braden Pipe, and where offsets can be recognized, the dis- 
placement is mostly rather small and in a normal direction. The cumulative 
effect has been an upthrusting near the center of the faulted area, which has 
left the northwest side relatively lower than the southeast side. 

The veins contain quartz, hematite, and barite, with sparse sulfides 
generally pyrite. Near the Braden orebody, they have no commercial value, 
but in outlying areas, more than a mile from the mine, galena and sphalerite 
with minor chalcopyrite and pyrite may occur in mineable amounts 

These veins show a marked difference in apparent strength in each of 
the three members of the Farellones formation. In the lower Farellones, the 
veins are strong and prominent. They make conspicuous outcrops of iron- 
stained quartz up to 30 feet wide that stand above the surrounding rocks. 
Generally the quartz is shattered or brecciated, and its texture resembles that 
of granulated sugar. As these veins pass upward across the unconformity 
into the middle Farellones, there is an abrupt diminution in width and brec- 
ciation. In most places the middle Farellones is missing, and the change in 
veins passing from the lower to the upper member of the Farellones forma- 
tion is even more striking. As an example, a vein in the lower Farellones 
containing 20 feet of iron-stained granulated quartz might appear in the 
middle Farellones as a vein with 4 feet of vuggy quartz. In the upper Farel- 
lones member, this same vein would appear as a weak fault with not more 
than 2 or 3 feet of bleaching and iron-staining. We can conclude from this 
evidence that there were at least three periods of movement on these faults, 
one following deposition of each of the three Farellones members. 


The Braden Pipe 


The most spectacular structural feature of the ore deposit is the Braden 
Pipe. Essentially, it is an inverted cone of Braden formation in the lower 








THE BRADEN OREBODY, CHILE 879 


Farellones member, surrounded by the orebody. Figures 5, 6, 7, and 8 illus- 
| 


trate its size and shape and its relation to other rock types. 

Although its exact mode of origin is still uncertain, there is no direct 
evidence that the Braden Pipe ever served as a conduit for the ejection of any 
appreciable volcanic material. Not even its association with volcanism can 
be proved. For this reason, the term “pipe” seems more appropriate than 
Lindgren and Bastin’s “crater.” Even “pipe” admittedly leaves something 
to be desired, but no better terminology seems to exist. For like reasons, 
Lindgren and Bastin'’s “Braden Tuff” has been replaced by “Braden for- 
mation.” 

The Braden Pipe is almost circular in plan and has a diameter at the 
surface of about 4,000 feet. The east side is almost vertical; the other sides 
all dip inward, the west side being the flattest with a dip of about 60 degrees. 
The pipe thus resembles an inverted, tilted cone with a vertex angle of about 
30 degrees. Its known vertical extent from the highest surface outcrop to 
the lowest exposure in a diamond drill hole is more than 5,200 feet. 

Around the margins of the pipe are found two distinctive breccias of dif 
ferent ages. The earlier one, herein called pre-pipe breccia, occurs as a nearly 
continuous belt in the various rocks adjacent to, but outside of, the actual 
pipe. The width of the breccia is variable, but it averages between 100 and 
200 feet, being noticeably wider in the quartz diorite than in the andesite. 
Generally the outer limit of the breccia is surprisingly sharp. It is charac- 
terized by abundant fine-grained black tourmaline that has replaced the original 
matrix and which, in places, has also partly replaced the fragments. The 
tourmaline matrix in places contains a little chalcopyrite. Rounded pieces 
of this breccia are found throughout the Braden formation, and thus the 
breccia is earlier than the pipe. And, as the fragments are commonly silicified 
and contain abundant chalcopyrite, the breccia was formed after the main 
period of copper mineralization. This pre-pipe breccia seems to have resulted 
from the initial breaking-loose of the plug of rock that formerly occupied the 
Braden Pipe 

The later, or post-pipe, breccia reflects substantial displacement—mostly 
subsidence—of material within the Braden Pipe. It occurs within the Braden 
formation as a belt around the margin of the pipe, adjacent to, and just 
inside the ring of pre-pipe breccia described above. It is also found in ir- 
regular zones and stringers traversing the western third of the pipe. The 
contact between the brecciated and unbrecciated Braden formation is generally 
gradational and, in places, difficult to fix. This brecciated Braden formation 
typically contains bleached fragments, both rounded and angular, in a matrix 
that is slightly to completely replaced by fine-grained black tourmaline. The 
rock is commonly sandy or muddy in appearance and generally finer-grained 


than its unbrecciated counterpart. Apparently it has been subjected to addi- 
tional comminution by the differential movement that took place along the 
margins of the pipe. A similar fine-grained facies can be found along faults 


within the Braden formatior 
The actual boundary of the pipe thus corresponds to the contact between 
the pre-pipe and post-pipe breccias. The contact is obscure in many places, 
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but it can generally be established rather closely by noting the first appearance 
of fragments of more than one rock type in the breccia. 

In addition to the breccias, several sets of joints and fractures that seem 
to be related to the Braden Pipe are found throughout the orebody. The 
most conspicuous ones have strikes tangent to the pipe and can be grouped 
roughly into four sets, depending upon the dip. One set dips outward away 
from the pipe at 41 degrees; the other three dip toward the pipe at 48, 65, 
and 84 degrees. These figures are averages of many individual observations. 
The sets that dip inward at 48 degrees and outward at 41 degrees include 
both joints and veinlets. The two steeper inward-dipping sets comprise 
joints, faults, and breccia zones. The eastern margin of the pipe apparently 
coincides with the set that dips 84 degrees, the western margin with the 65 
degree-dipping set. Age relations suggest that the three inward-dipping sets 
developed during the initial upward push that served to localize the Braden 
Pipe. The outward-dipping set would have resulted from the subsequent 
relaxing of this force. 

So far, no decisive evidence has been found to explain wholly the manner 
in which the Braden Pipe was formed. Several possible modes of origin can 
be postulated ; the reader will have to choose one that is in keeping with his 
own experience and ideas. Lindgren and Bastin (1) described the Braden 
Pipe as a volcanic explosion crater which subsequently became a crater lake. 
Bruggen (2) attributed it to subsidence that dropped a plug of overlying 
voleanic agglomerate down into the older rocks. Neither interpretation is 
wholly in accord with the available evidence 

Any plausible mode of origin must take into account the following condi 
tions 


(1) The pipe contracts with depth and is at least 5,200 feet deep. It may 
have been much deeper 

(2) The Braden formation, with which the pipe is filled, is actually a very 
homogeneous breccia 

(3) The Braden formation contains abundant fragments of ore and min 
eralized breccia. The pipe is therefore younger than the main period of copper 
mineralization 

(4) Except near the surface, sulfides in the ore fragments are exceedingly 
fresh 

(5) The pipe is surrounded by a pre-pipe and a post-pipe breccia 

(6) In some places the Braden formation shows an imperfect bedding 
that must be due to some sedimentary sizing action. 

(7) Most fragments in the Braden formation seem to have come from 
the mineralized rock mass that formerly occupied the pipe. The rounding 
is well-developed in fragments exceeding 1 mm in diameter, but the matrix 
consists of tiny angular rock and mineral particles. The fragments must have 
been subjected to some abrasive process much more intense than merely rotl- 
ing down a talus slope 

(8) The Braden formation was invaded by several stages of autobrecciated 
latite porphyry. Where bedding was well-developed, the latite porphyry 
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formed sills. Some of it may actually have been extruded as surface flor s 

(9) Both the latite porphyry and the bedding in the Braden forme won 
have been disrupted by later brecciation. The bedding consistently dips 
toward the center of the pipe 


It is clear that the site of the Braden Pipe was a center of strong mineral 
ization and structural weakness before the pipe was formed in its present 
state. The early northeast-striking set of faults, the dacite dikes and cone 
sheet, and the orebody itself all pre-date the Braden Pipe. The structural 
evidence suggests that this center of crustal weakness was subjected to a 
strong upthrusting force which broke loose a conical plug of rock. The up 
ward pressure might be attributed to some phase of the long orogenic history 
of the Andean Cordillera. Whether this force took the form of a violent ex- 
plosion that completely removed the original rock plug, or whether the 
process was a more passive phenomenon, in which the plug was only loosened 
and perhaps brecciated, is not known. The latter alternative seems more 
likely, but the evidence is admittedly inconclusive. 

The initial disruptive stage was followed perhaps by a period in which 
there may have been some pulsating movement within the pipe. There is no 
direct evidence for this other than the anomalous roundness of fragments 
within the Braden formation. The final stage is one in which the pipe 
filling material subsided an undetermined, but substantial distance 

The most likely source of the inferred rising and falling prime force would 
seem to be the latite porphyry magma. The autobrecciated structure of the 
latite porphyry suggests a near-surface intrusion, and the time interval of 
latite porphyry intrusion is simultaneous with that period in which the pipe 
was formed. It might be postulated that the pipe connects at depth with a 
conduit which at one time contained an unstable column of latitic magma 

Several other much smaller brecciated areas have been observed in the 
surrounding district. None of them have been explored at depth, but they 


resemble breccia pipes on the surface. The pipe filling, however, generally 


contains angular fragments all of one rock type, and herein these small pipes 
differ importantly from the Braden Pipe. Commonly the breccia is strongly 
tourmalinized, and the tourmaline may contain a little chalcopyrite. These 
satellitic pipes seem to correspond in age to the pre-pipe breccia and would 
thus be products of some upward-acting force. They apparently were never 
subjected to the later pulsating and subsidence movements that affected the 
Braden Pipe 

Another minor, but interesting feature, presumably related to the Braden 
Pipe, is the presence of several pebble dikes, exposed mainly on 3 and 5 levels 
on the north side of the pipe. Not enough is known of them to be very 
specific about their attitudes and extent. In general, they vary in width 
from a few inches to not more than 5 feet. These pebble Akes contain 
well-rounded fragments, commonly bleached and in places mineralized by the 
main chalcopyrite stage. Spectacular specimens have been obtained from 
a pebble dike on the north edge of the pipe on 5 level where well-rounded 
bleached pebbles are set in a matrix of massive bornite 
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Vinor Structure 


Jointing and sheeting are well-developed in many parts of the district. 
A number of trends, albeit generally indistinct ones, can be recognized 
Steeply dipping joints parallel to the northeast-striking set of faults and 
veins are common; a weaker complementary set follows a northwest trend. 

Flat-lying sheeting is conspicuous in most of the older rocks—both ex- 
trusive and intrusive. At first it was thought that the sheeting reflected 
original flow bedding of the extrusive rocks. It now seems more likely that 
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most of it is sheeting in the restricted sense of the word, i.e. a near-surface 
feature with attitudes essentially parallel to either the present surface or 
an older one. The sheeting is not noticeably mineralized and therefore must 
be younger than the main period of copper mineralization. 


ECONOMIC GEOLOGY 


Before proceeding, a brief summary of the nomenclature used at Braden 
may help the reader to visualize the orebody. Frequent reference to Figures 
5, 6, 7, and’8 is also suggested 

Orebody dimensions are based upon an arbitrary cut-off of 1 percent of 
copper, but this figure does 


not necessarily determine :nineable ore limits 
at Braden 


Although the orebody has no consistent dip, the side nearest the 


pipe is called the hanging wall, and conversely, the side away from the pipe 
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is called the footwall. The principal mine levels and their respective eleva- 
tions are 


, 


H level 9,973 Highest production level. Now caved 
F level 9,646 Highest accessible level 

C level 9,160 Highest level of current production 
1 level 8,619 Present main production level 

Sub-B level—8,291 Lowest level of current production 

5 level , Lowest and main haulage level 


md Boundaries of Orebody 


In plan the orebody surrounds the Braden Pipe in a continuous ring 


that has a maximum width of about 2,000 feet. The widest part, which is 


on the east side on the upper levels, plunges counterclockwise around the 
pipe, so that on the lower levels, the orebody is widest on the north side 
All current mine production comes from the wide portion on the east side 
of the pipe, called the Teniente area. Although the ore on the south and 
west sides is relatively narrow, a wide segment in the southwest quadrant, 
called the Fortuna orebody, was the source of all production between 1906 
and 1922. On the west and northwest sides of the pipe, much of the upper 
part of the orebody has probably been removed by erosior 

The vertical extent of the orebody is still largely undetermined. Only 
two diamond drill holes have been drilled in the orebody below 5 level, and 
they show a maximum vertical dimension of at least 4,300 feet. The upper 
limit of the orebody is fixed by a leached capping of extremely variable 
thickness. On the average, the capping is between 100 and 400 feet thick, 
but in some places, good ore extends to the surface. On the other hand, in 
the breccias surrounding the pipe and in the andesitic flow breccias, leaching 
and oxidation penetrate downward a maximum distance of 1,150 feet below 
the surface 

Although the hanging wall roughly coincides with the edge of the pipe 
the orebody is delineated by assay limits, not structural boundaries. Ore 
boundaries are all gradational, but the hanging wall is generally much sharper 
and more regular than the footwall. The hanging wall generally lies within 
the brecciated Braden formation, and its location depends upon the relative 
abundance of ore fragments in the breccia. The footwall traverses quartz 
diorite, fairly fresh andesite, and dacite porphyry and is fixed by the gradual 
diminution of random copper sulfide veinlets 

The host rock exerts an important influence upon the width and tenor of 
ore. Recognition of this relationship provides a useful aid in mine explora 
tion. The best grade of ore is found in altered andesite or in andesitic flow 
breccia adjacent to the pre pipe breccia The geologic maps with their ore 
zone overlays also show that ore is most abundant in places where the host 
rock is both quartz diorite and andesite. This condition exists on the north, 
northeast, east, and southeast sides of the pipe; in other sectors the host 
rock is all andesite. The relationship between quartz diorite and ore is very 
real, but in detail, rather vague. One cannot say that quartz diorite, andesite, 
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Fic. 6. No, 1 level plan and section A-A’, 


or the contact between the two is a preferable locus for ore, but it can be 
stated that wherever quartz diorite and andesite occur together, the orebody 
shows a marked tendency to become wider and more irregular in outline 
(Fig. 6). It is the result of more intense fracturing, probably due either 
to the intrusion of quartz diorite or to geologic forces acting upon adjacent 
rock types of different rock competency. 

Very little ore contains more than 5 percent of copper, and most of it is 
supergene ore already mined The footwall and bottom limits of copper 
mineralization are extremely gradational so that there are immense tonnages 
of protore containing between 0.5 and 1.0 percent of copper. The current 
mill head assay averages 0.08 percent of molybdenite and 1.95 percent of 
copper, of which 0.22 percent is non-sulfide copper. 
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Rock Alteration 


In comparison with other porphyry copper deposits, hydrothermal rock 
alteration at Braden seems relatively mild. In general, the intensity and 
distribution of alteration reflect the net resuit of two superimposed stages 

The older alteration is apparently unrelated to the copper mineralization, 
as it appears to have been produced by intermittent quartz diorite intrusions 
emplaced at an earlier date. The result has been a spotty, locally-intense 
type of alteration that is much stronger in the older rocks than in the younger 
ones. The lower Farellones contains rather numerous irregular patches 
and masses of strongly argillized and/or sericitized rocks, and the member 
as a whole on the surface is typically iron-stained. The middle and upper 
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members of the Farellones are much fresher and are altered or iron-stained 
only near quartz diorite intrusions or along veins and faults. Rock alteration 
of this type is common throughout the intrusive belt of central Chile. 

A later alteration sequence forms a concentric pattern centered upon the 
traden Pipe, with the alteration intensity gradually increasing toward the 
pipe. This period of alteration is directly related to copper mineralization 

Approaching the orebody from surrounding fresh rock, the first indication 
of the later period of hydrothermal alteration is a noticeable concentration 
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of basic elements about a mile from the orebody. This “basic front” is best 
developed north of the orebody and probably would have formed a continuous 
ring around the pipe had not intense alteration of the earlier period interfered 
with its development south of the orebody. This peripheral low-intensity 


' 


alteration zone is characterized by abundant patches and veinlets of epidote, 
tourmaline, magnetite, and specular hematite in the voleanic rocks, commonly 
accompanied by minor amounts of calcite 

Next to the pipe, within a belt up to 3,000 feet wide that includes the 


orebody, both andesite and quartz diorite have been conspicuously and selec- 
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tively altered. The alteration provides a useful ore guide, for it serves to 
enlarge the ore target. The andesite is typically flooded with fine-grained 
secondary biotite that shows a slightly anomalous green color and is generally 
fresh, even where other rock-forming constituents are altered. The quartz 
diorite on the other hand appears to be silicified. Actually, however, there 
has been no appreciable addition of silica, but merely a breakdown of rock 
forming minerals in which large amounts of free silica were liberated to 
form abundant secondary quartz. This was accompanied by almost complete 
destruction of original feldspars and ferromagnesian minerals so that the 
resultant rock is largely a fine-grained aggregate of sericite and secondary 
quartz. The selectivity of this alteration in affecting the two rock types so 
diversely is surprising. The different reactivity to the same altering media 
must be due to the coarser grain size and more acid composition of the quartz 
diorite compared with the andesite. This stage of alteration is earlier than 
the main period of copper mineralization, and it might be surmised that these 
changes occurred as mineralogic readjustments in response to the physico 
chemical conditions that preceded ore deposition. It may possibly be related 
to intrusion of the dacite porphyry 

The pervasive argillic-sericitic-silicic sequence of alteration, so character 
istic at other porphyry copper deposits, scarcely appears at Braden. In a 
few places, adjacent to the pipe, strongly altered andesite occurs, but more 
often fresh-looking biotitized andesite extends clear across the orebody to 
the pipe margin. There is, however, a moderate increase in alteration in- 
tensity toward the pipe. The relative scarcity of this typical porphyry copper 
alteration today does not necessarily mean that it never existed much more 
extensively at one time 

Several space-time relationships have been established that lead to inter 
esting conjectures regarding the nature of the rock plug that originally occu 


pied the Braden Pipe. The increase in alteration intensity toward the pipe 
is particularly significant, as well as the fact that the main periods of both 
alteration and copper mineralization are older than the pipe. Extrapolation 


of the alteration pattern suggests that rock formerly in the pipe was exposed 
to the most intensive alteration and may have consisted of a strongly silicified 
rock, or possibly a dacite porphyry intrusion. or both. This postulate has 
some additional supporting evidence. Generally the pre-pipe andesite breccia 
contains fragments that are moderately to strongly silicified, indicating that 
the present pipe margin may roughly coincide with a former outer limit of 
silicification. The Braden formation also contains a very large proportion 
of siliceous fragments in comparison with the amount of silicification outside 
the pipe. Moreover, the larger dacite masses are associated with strong silici 
fication 

The widespread intermittent tourmalinization of breccias might be re 
garded as a late-stage type of alteration. The tourmaline was seemingly 
able to replace any rock type, starting with the smallest fragments in the 
matrix and proceeding to extreme cases where the entire breccia was re- 
placed. Tourmalinization of breccia is always accompanied by strong bleach 
ing of the fragments. The exact nature of the bleaching has not been studied, 
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but the strongly bleached fragments seem to be mostly aggregates of quartz 


and sericite 
Descriptive Mineralogy 


The minerals found in and close to the Braden orebody are described 
below in the order followed in Dana’s “System of Mineralogy.” The list, 
which includes ore, gangue, alteration, and secondary minerals, is not neces 
sarily exhaustive, but it embraces all those that are abundant enough to have 
significance in the paragenetic history of the orebody 

Gold and silver are present in almost negligible quantities. The blister 
copper from Braden contains about 0.3 ounce of silver and 0.026 ounce of 
gold per metric ton. This trace of precious metals probably occurs in a late 
post-pipe mineralization associated with tennantite, galena, and sphalerite. 

Native copper is fairly common in the lower part of the oxidized zone 
where it occurs with cuprite and limonite. It is found as wiry crystals in 
open spaces and as tabular plates in veins and fractures. It also occurs as 
irregular grains in cuprite that has replaced chalcocite. 

Stibnite is reported from one of the northeast-striking quartz veins about 
2 miles west-southwest of the orebody. According to notes made in 1921 
when the vein was being mined for smelter flux, the stibnite occurs as needles 
in sulfide bands in the quartz vein. The sulfide bands contained mainly 
galena and sphalerite with minor pyrite and chalcopyrite. Some anhydrite 
was also present 

Molybdenite is scattered erratically throughout the orebody in a variety 
of occurrences, but it shows some affinity for pre-pipe breccia. Some speci 
men-type molybdenite occurs rather abundantly in quartz veins in and near 
the silicified dacite porphyry. More typically, it is found with other sulfides 
in random veinlets, especially those filled with quartz. It is apparently con 
temporaneous with quartz and occurs in flakes 1 to 10 mm in diameter that 
are concentrated along irregular marginal or central bands. Molybdenite 
was also deposited sparsely in the tourmalinized post-pipe breccia with chalco- 
pyrite and pyrite in a quartz and anhydrite gangue. A fine-grained variety 
is found as films along some joints and fractures that are otherwise unmin- 
eralized. Molybdenite deposition seems to have been of relatively long 
duration 

Molybdenite is recovered as a by-product, but the recovery is very low. 
Metallurgical research work at Braden has recently suggested that the ore 
contains a high-rhenium variety of molybdenite that responds very poorly 
to flotation 

Galena is late in the paragenetic sequence and comparatively rare in the 
orebody It is more abundant outside the mine area as a filling of the 
northeast-striking quartz veins, and occasionally it is found in commercial 
quantities. Mostly it is argentiferous, coarsely crystalline, and occurs with 
sphalerite, pyrite, chalcopyrite, quartz, and anhydrite 

Chalcocite has been the principal ore mineral and occurs both as a sparse 
primary mineral and as an abundant secondary mineral. The primary chal 
cocite has been found only on and below 5 level in the northern part of the 
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mine, where it shows an affinity for the dacite porphyry It is generally with 
bornite, in which it forms irregular blebs and well-developed lattice-grating 
texture, suggesting that chalcocite and bornite were originally in solid solution 
Under the microscope at high magnifications two varieties can be distinguished 
The chalcocite is light gray and contains irregular patches of a somewhat 
darker and slightly bluish-gray mineral which is probably digenite, the iso 
metric dimorph of chalcocite 

Secondary chalcocite is abundant above Sub-B level, where its deposition 
has approximately doubled the original tenor of the primary ore. It prefer- 
entially coats and replaces other sulfides in the order: bornite, chalcopyrite, 
pyrite. Supergene chalcocite is found as irregular masses where it has 
replaced sulfides in the breccias, as films on fractures in the massive sulfide 
veinlets, and as rims on disseminated sulfide grains. Complete replacement 
of sulfide veinlets by chalcocite is rare 

Sphalerite occurs in the same manner as galena in the northeast-striking 
set of veins. It is generally coarse-grained and ranges from a sub-metallic 
dark brownish-black to a resinous greenish-amber color 

Covellite is rare and occurs only as thin films on fractures in the primary 
copper sulfides, mainly in the upper part of the supergene zone 

Bornite seems to be entirely a primary mineral at Braden. It is mod 
erately abundant, especially in the lower northern part of the orebody where 
it is one of the main ore minerals tornite is a common adjunct of the main 
stage of chalcopyrite deposition. It is also found in a later completely dif 
ferent mode of occurrence where cores of bornite up to an inch or more in 
diameter are enclosed in a shell of ankerite 

Chalcopyrite is the predominant primary copper mineral at Braden. In 
the upper part of the orebody, chalcopyrite is subordinate to pyrite, with 
which it is generally associated. The two minerals, however, are generally 
in separate grains 

Below Sub-B level, chalcopyrite is the predominant sulfide mineral. 
It is commonly associated, and in places intergrown, with bornite. In veinlets 
and patches, the chalcopyrite generally occupies an interior position relative 
to gangue minerals, but much of it is accompanied by little or no gangue 
Chalcopyrite also occurs in the breccias as irregular patches and veinlets, 
generally with bornite and anhydrite It was deposited throughout the whole 
paragenetic sequence 


Pyrite is the most abundant sulfide in the upper and southern part of 


the orebody Jetween Sub-B and 5 levels it is subordinate to chalcopyrite, 
and below 5 level, pyrite appears to be almost absent. It occurs in veinlets 
and in openings in breccias, generally with a quartz gangue, and is more 
ibundant toward the footwall. It is also found in the northeast-striking veins 
and in disseminated grains in altered areas throughout the district 

In form, pyrite is mostly massive and subhedral to anhedral. Small dis 
seminated grains are generally rounded, but those larger than about 2 mm 
commonly show euhedral faces 
Tennantite is characteristic of the late post-pipe stage of mineralization 
1 


and is found most commonly in the brecciated Braden formation along the 
nS 
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hanging wall. It occurs in well-formed tetrahedrons lining openings and 
fractures in the breccias with anhydrite, dolomite, or barite. Less com- 
monly, it is massive in veinlets with bornite and chalcopyrite. Some speci- 
mens show a second generation of small tetrahedrons perched on top of older 
ones 

The chemical composition is variable and shows no apparent correlation 
with occurrence. Eleven samples varied between 91 percent tennantite and 
62 percent tetrahedrite, with an average of 69 percent tennantite. The 
mineral is thus referred to herein as tennantite, although some of it is actually 
tetrahedrite. Compared with other copper sulfides, tennantite is relatively 
unimportant as an ore mineral. 

Enargite is rare and occurs only in one part of the pipe where it seems to 
be related to a large mass of latite porphyry. It is found in the latite porphyry 
and in the nearby brecciated Braden formation as veinlets with pyrite and a 
little chalcopyrite in a quartz, anhydrite, or clay gangue. Assays show an 
average composition of 88 percent enargite and 12 percent famatinite. It 
tends to be coarsely crystalline and commonly shows striated faces. In 
polished sections, the mineral is pinkish, suggestive of the varietal species, 
luzonite 

Ouartz is the most abundant gangue mineral and is found throughout the 
orebody and in the surrounding district with all types and stages of min- 
eralization. It varies from very fine-grained milky quartz in some veinlets 
to large, clear, comb-quartz crystals lining open fractures and veins 

Cuprite is common in oxidized parts of the orebody where it replaces 
secondary chalcocite or fills cavities. It is generally massive and fine-grained, 
but felty masses of acicular crystals (chalcotrichite) are also found. An 
interesting occurrence is found on Sub-B level in the northern part of the mine 


where bright, lustrous cubes and octahedrons of cuprite are perched upon 
coarse flakes of molybdenite in quartz veins. 


Tenorite occurs with malachite and azurite in a carbonate gangue as a 
minor oxidation product 

Hematite, in its specular form, is an abundant gangue mineral of the 
northeast-striking quartz veins. Fine-grained hematite is very common in 
the outlying “basic” alteration zone. It is found only sparsely in the ore- 
body as medium-sized plates in some veinlets of the late stage mineralization. 

Magnetite is an abundant accessory mineral in the volcanic and intrusive 
rocks of the area. It is concentrated in the “basic” alteration zone and forms 
readily from the breakdown of rock-forming ferro magnesian minerals. There 
are a few areas in the orebody where magnetite occurs in veinlets and small 
irregular masses, but generally it is much rarer than in the surrounding fresh 
rocks 

Limonite occurs on the surface and throughout the oxidized zone as stains, 
crusts, and coatings after sulfides. It is presently being deposited in mine 
openings 

Calcite is rather abundant as a fine-grained alteration product. It is 


rarely seen in hand specimens, but under the microscope it very commonly 
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appears with sericite as an alteration of plagio lase feldspar It also occurs 
in the matrix of the Braden formation 

Ankerite and Rhodochrosite are gangue minerals characteristic of the 
late-stage tennantite mineralization Ankerite is also fairly common as a 
shell around disseminated bornite grains. Rhodochrosite is rare 

Malachite and Asurite are locally abundant in the upper part of the ox 
idized zone and in the breccias surrounding the pipe. They seem to be 
oxidation products of the late tennantite-carbonate mineralization. Malachite 
is the more abundant and lines cavities and fractures as botryoidal or fibrous 
masses 

Epidote appears to be completely lacking in the orebody but is very abun 
dant in the outlying “basic” alteration zone. It is also an important accessory 
mineral in the volcanic rocks where it commonly forms amygdules in the 
vesicular flows 

Tourmaline seems to be characteristic of the Andean metallogenic province 
and is found extensively in and around the Braden orebody. The most 
typical occurrence is as very-fine-grained aggregates of tiny black needles 
replacing the matrix of breccias. Where it has formed in cavities and open 
fractures, the tourmaline is coarser and forms rosettes and clusters of needles 

Sericite is probably the most abundant alteration product of the intensely 
altered rocks. Quartz and sulfides are generally the only attendant minerals 
in the altered quartz diorite Sericite is also found in thin bleached borders 
along sulfide veinlets in the andesite where it is an alteration of the secondary 
biotite. Local patches of strong sericitic alteration well outside the orebody 
are apparently related to earlier dioritic intrusions 


Biotite is particularly plentiful as the fine-grained secondary type already 


mentioned under Rock Alteration. It is generally in small lathy crystals 
scattered through the groundmass of the andesite, and more rarely, in the 
plagioclase phenocrysts. This biotite is moderately pleochroic, grassy green 
in color, and in places so abundant as to constitute more than half the rock 
\ later generation of biotite occurs sparsely as larger, brownish flakes along 
the margins, and at intersections, of some sulfide veinlets with quartz-anhydrite 
rt 


gang 


Chlorite is most important as an alteration product of secondary biotite 
and of the hornblende and biotite phenocrysts in the quartz diorite and dacite 
porphyry. Most of the fresher rocks outside the mine area also contain some 
chlorite as a result of mild propylitic alteration. It is also sparse to abundant 
in sulfide veinlets of the main stage of mineralization 

Clay minerals, resulting from pervasive argillic alteration, are sparse at 
Braden compared with other porphyry copper deposits. Thin-sections show 
traces of clay minerals, but none in quantity. Two types, however, are 
moderately abundant as the filling in recent fractures and in voids of flow 
breccias. Massive white halloysite has been found on the surface in veins 
and faults throughout the district. Another clay mineral, found within the 


} 


mine, especially in vugs and cavities in the andesite flow breccia, has been 


tentatively identified as viterbite, a phosphate-bearing allophane, intermediate 
\ ] | Zz 


between evansite and allophane The material is soft, and its color, which 
' 
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ranges from white to apple-green, seems to be a function of its content of 
adsorbed copper. Structurally, it is amorphous (5); the refractive index is 
about 1.482. The Braden Copper Company Chemical Department has 
analyzed a sample of the greenish material as follows: 


CuO—8.24% Al.O,—31.66% P.O,—29.41% 
Sif ), 13.38% H () 16.76 


The origin of this clay is not clear, but it seems to be a product of post- 
ore alteration of some other mineral that originally occupied the voids in 
the flow breccia. It may have been a glass, but the high phosphate content 
is difficult to explain 

Chrysocolla occurs uncommonly in the upper part of the oxidized zone as a 
coating on fractures, some of which have not previously been mineralized. 

Leucoxene is common in andesite and quartz diorite throughout the district 
as an alteration of rutile, ilmenite, or titaniferous magnetite. 

Chalcophyllite is found locally as an oxidation product of tennantite 
Some of it is of specimen quality and consists of lustrous green hexagonal 
plates generally admixed with malachite and azurite. 

Barite is encountered occasionally in the anhydrite-carbonate gangue of 
tennantite mineralization. More frequently, it is seen as a coarse-grained 
filling in some of the northeast-striking quartz veins. 

Anhydrite, like tourmaline, seems to be another mineral that is typical 


and distinctive of the Braden orebody. It is very common as a gangue min- 
eral, being second only to quartz in abundance. In some parts of the mine, 


particularly on the lower levels, small disseminated grains and patches of 
anhydrite are scattered throughout the groundmass of all the rocks except 
the lamprophyre. It is more noticeable, however, as a coarse-grained gangue 
mineral in veinlets and breccias, where it often exhibits a characteristic pinkish- 
violet color 

Brochantite is found only in one area of oxidized mineralized breccia in 
the northern part of 1 level where it forms a conspicuous coating on cuprite 

Gypsum is nearly as abundant as anhydrite. Virtually all of it has been 
formed by the alteration of anhydrite, but at least one example of primary 
gypsum has been noted \n unusual occurrence is a mass of solid gypsum 
about 40 feet in diameter in the brecciated Braden formation. It contains 
large, clear selenite crystals up to 4 feet in length 

Chalcanthite is being deposited in some of the mine workings by water 
percolating downward from the caved ground on the surface 

Huebnerite, in small subhedral grains with quartz, is a rare constituent 
of the tennantite mineralization 

Ferrimolybdite, as an alteration of molybdenite, is seen very sparsely in 
some of the oxidized ore 

Lindgren and Bastin (1) also mention kaolin, melanterite, copper pitch 
ore, epsomite, and a sky-blue basic aluminous sulfate of copper. None of them 


was identified during the recent study. 
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Vineral Paragenesis 


\ paragenesis of the most important minerals at Braden in relation to 
the major geologic events is shown schematically in Figure 9. Most of the 
minerals are commonplace, but are of interest in that we can establish the 
paragenetic sequence with enough precision to show the progressive changes 
that took place in the ore-forming solutions (the term solution is used in its 
broadest sense herein). The initial solution must have been rich in copper, 
iron, sulfur, calcium, and silica, with minor molybdenum. Deposition of these 
components was very rapid at first, but diminished rather abruptly and then 
continued in a small way for the remainder of the period of mineralization 











MINER, PARA T 
MAJOR a ?. 
\ GEOLOGIC 
= 
“ ALS ; 
ANO ee 


ALTERATION 





" 






Tn 
ay 


SEMCIT ZATION 


| } 
Liiiil 

| 
Litiitiy 








SHLICHF CATION + 
uantz zs 
arom TE & orn 4 
ceo ;—_e 
caucire | 
Cuan Te r" , 
mere vem Ss 
prmre —_— Pr Ss 
Comm COPTER TE I 4 
sonnet } ‘_— <e : 
Com COC tr | 7 
BOL SOREN TE ° ae 
omit +t 
enane ‘ff + 
wih | 
graven ce + 





+—4+—+ 











p+ 4+ 





Fic. 9 Mineral paragenesis chart. 


Near the middle of the sequence, boron was introduced in large quantities as 
tourmaline, but the deposition of tourmaline ceased just as abruptly as it had 


‘ 
started Toward the end of the sequence, lead and zinc were deposited as 
simple sulfides At the close of mineralization, arsenic and antimony attained 


concentrations sufhcient to deposit copper sulfosalts; barium, manganese, and 
the carbonate radical appeared simultaneously in the gangue 

Based upon diagnostic assemblages of hypogene minerals and upon dif 
ferent modes of occurrence, five stages of mineralization, each named after its 
most distinctive mineral, have been recognized Although mineralization is 
lescribed according to stages, it is more likely that it took place in one nearh 
continuous sequence, in which intervening structural events evoked changes 
in the composition and physical chemistry of the mineralizing solutions 
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Early Barren Quartz Stag Of relative unimportance is an early period 
of quartz deposition in the northeast-striking faults. It apparently took place 
during the hiatus between deposition of the lower and middle members of the 
Farellones formation. The only adjunct of the quartz seems to have been 
a little pyrite. Most vein filling of the early barren quartz stage has been 
shattered and granulated by later movement on these veins. 

Main Chalcopyrite Stage—lf mineralization at Braden had never pro- 
ceeded beyond the second, or main chalcopyrite, stage, the orebody today would 
not differ much in size or tenor. The bulk of the sulfides was introduced 
during this stage into a random network of veinlets, forming a stockwork of 
low-grade ore. At Braden, as at most other porphyry copper deposits, the 
term “disseminated copper” cannot be applied in a strict sense, for at least 90 
percent of the hypogene sulfides occur as obvious fracture-fillings. 

The grade of ore is essentially proportional to the degree of stockwork frac- 
turing, which increases gradually from footwall to hanging wall. Individual 
veinlets are not persistent, and they either die out within a few feet or join 
into other veinlets. Average width is between 1/64 and 1/4 of an inch. 
They may show offsetting relationships in which the widest veinlets commonly 
produce the largest displacements. Veinlets throughout the orebody give a 
general impression of randomness, but statistical analyses by equal area stereo- 
graphic projections shows a somewhat higher frequency of veinlets that 
strike tangent to the Braden Pipe and have an average dip of 48 degrees 
toward it 

\s shown in the paragenetic chart ( Fig. 9), stockwork fracturing presum- 
ably continued for some time after the main chalcopyrite stage had started. 
The cause of the fracturing is an intriguing subject for speculation. Indirect 
evidence suggests that fracturing, like alteration, is related to a hypothetical 
intrusive center which formerly occupied the Braden Pipe. The increase in 
fracturing intensity toward the pipe, and the fact that abundant rock frag- 
ments, mineralized by the main chalcopyrite stage, are found throughout the 
Braden formation substantiate this thesis in space and time, respectively. 

Although the stockwork veinlets vary considerably in mineralogy, attempts 
to classify them mineralogically have been futile. Any subdivision on this 
basis would be artificial and very local. Within several feet, an individual 
veinlet can, and commonly does, contain all of the principal minerals of the 
chalcopyrite stage. The sulfides characteristic of this stage are chalcopyrite, 
pyrite, bornite, molybdenite, and primary chalcocite in a gangue of quartz, 
anhydrite, and chlorite. The minerals occur individually or in almost any 
combination with other sulfide or gangue minerals, except for the chalcocite, 
which always occurs with the bornite. Most of the veinlets appear to be 
clear-cut fracture-fillings and commonly show banding. Some of the narrow 
ones, however, seem to entail spotty replacement along hair-line fractures, 
in which case the groundmass was more susceptible to replacement than the 
phenocrysts. Veinlets of the main chalcopyrite stage generally have narrow 
bleached margins in the andesite, caused by the alteration of secondary biotite 
to chlorite and/or sericite 

Mineralization of this stage occurs somewhat differently in dacite porphyry 
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than in the other rocks. There seems to be a much larger proportion of sulfide 
grains, particularly bornite, that are actually disseminated in the dacite por 
phyry than in the andesite or quartz diorite. Some of these disseminated 
so that the dacite porphyry would be 
least the first part of the main chalcopyrite stage 
Early Tourmaline Stage-—Much of the mineralization that followed the 
main chalcopyrite stage was deposited, along with plentiful tourmaline, in 
breccias 


sulfides may actually be syngenetic, 
contemporaneous with at 


The first locus of deposition was in the pre-pipe breccia surround 
ing the pipe, and to a much lesser extent, in small satellitic pipes in the out- 





tbe 


Fic. 10. Photograph of pre-pipe breccia showing partially bleached (propylitized ) 
andesite fragments in tourmaline-chak opyrite matrix 

lying region. The same type of mineralization is also found in the orebody 

in a few persistent braided stringers of breccia that are radial to the pipe and 

dip vertically. 

The early tourmaline stage is characterized by a gangue of tourmaline, 
quartz, and anhydrite, containing chalcopyrite, with lesser bornite and pyrite 
Chalcopyrite and tourmaline are by far the most abundant and occur typically 
together as fillings and replacements in the matrix of brecciated andesite ( Fig 
10) Molybdenite is locally important and is the earliest sulfide of this stage ; 
tourmaline is clearly the earliest gangue mineral. In most places, this tourma- 


line-rich assemblage is accompanied by moderate bleaching of the breccia 


fragments 
The early tourmaline stage mineralization replaces the matrix of pre-pipe 


breccia. in which are found fragments of rock well-mineralized by the main 


chalcopyrite stage, and 1 ineralized fragmer ts of pre-pipe breccia are found 
plentifully in the Braden formation. Thus the early tourmaline stage 1s later 


than the main chalcopyrite stage and earlier than the Braden formation 
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Late Tourmaline Stage —Except for a much greater proportion of tourma- 
line and the lack of molybdenite, the late tourmaline stage is mineralogically 
much like the preceding early tourmaline stage. However, it is found only 
in the post-pipe breccia in the Braden formation. Rock fragments in the 
tourmalinized post-pipe breccia are almost invariably strongly altered to seri 
cite and/or clay minerals 

Tennantite Stage.—The tennantite stage is a distinctive late-stage min- 
eralization that reflects decreasing pressure and temperature as metallization 
waned, Its favorite abode seems to be in open spaces in the post-pipe breccia 
formed by final subsidence of the pipe-filling material 

Tennantite, galena, and sphalerite are the typical sulfides; carbonates the 
typical gangue. The carbonate is mostly ankerite, but calcite and rhodo- 
chrosite are also present. This distinctive assemblage is accompanied by any 
one or several of the following minerals: pyrite, chalcopyrite, bornite, molyb- 
denite, quartz, anhydrite, gypsum, barite, specularite, and viterbite (?). 
Galena, sphalerite, and anhydrite commonly occur together and are earlier 
than a later suite comprised of tennantite, bornite, and ankerite. The ten- 
nantite occurs in places as small but rich pods of massive ore in the post-pipe 
breccia. The largest yet found was more or less spherical in shape, with a 
diameter of about 200 feet. It is reported to have averaged between 20 and 
30 percent of copper 

\ somewhat different phase of the tennantite stage is represented by 
sparse veinlets of enargite, pyrite, and chalcopyrite with a gangue of quartz 
and anhydrite in and near the large latite mass exposed on 1 level. Its rela- 
tion to the tennantite mineralization is uncertain, but the enargite is probably 
earlier than the tennantite 


Mineral Zoning 


In addition to the concentric zonal pattern of the several alteration stages 


it Braden, the hypogene sulfides also demonstrate a well-defined zoning. 

On a district-wide scale, a roughly elliptical area extending from about half 
a mile southwest of the pipe to 24 miles northeast of the pipe seems to repre- 
sent a central “hot-spot” of copper mineralization. Surrounding this core, 
veins are more likely to contain a lower temperature assemblage of sulfides 
such as galena and sphalerite, or even stibnite 

Within the mine area, both lateral and vertical zoning can be recognized. 
From the hanging wall outward toward the footwall, chalcopyrite decreases 
markedly, whereas pyrite appears to become somewhat more plentiful. Thus 
the outer limit of ore is a function of mineralogy as well as intensity of 
stockwork fracturing 

On the north and northeast sides of the pipe, where we have some in- 
formation from below 5 level, pyrite gradually decreases downward and 
virtually disappears at about the elevation of 5 level. This downward diminu- 
tion of pyrite is accompanied by a corresponding increase in bornite so that 
ore from below 5 level consists essentially of clean chalcopyrite and bornite 
in about equal amounts selow the elevation where pyrite disappears, sparse 


primary chalcocite is found 
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Oxidation and Secondary Enrichment 
Outcrops oy vain Teniente and Fortuna orebodies have long since 
been destroyed by subsidence The only record of these exposures is a brief 


description by Lindgren (6) in which he states: “The normal outcrop is 
dark reddish-brown, the rock being seamed in all directions with rusty limo 
nite, and there is often not a sign of copper over large areas right above the 
ore. There are copper stains in places, mostly chrysocolla 

In other sectors, where the orebody is thinner and of lower grade, surface 
outcrops are still intact. Over the unmined part of the orebody on the south 
side of the pipe, no copper minerals are found on the surface. The rock is 
a weathered, light to medium gray andesite, crisscrossed by closely-spaced, 
thin fractures containing rusty-brown to yellowish limonite and some quartz 
tourmaline veinlets. Rarely the fractures contain a little pyrite. Shallow 
prospects in this area often encounter fresh sulfides within 10 feet of the 
surface 

Over the unmined northern portion of the orebody, the andesite is com 
monly fresh-looking at the surface, although most veinlets have been oxidized 
and leached. Fresh sulfides can often be found and include pyrite, generally 
with some secondary chalcocite, and also a little molybdenite. Recent frac 
tures in the outcrops are commonly coated with chrysocolla. Such diversity 
in the appearance of outcrops over the orebody can probably be attributed to 
recent glaciation 

The depth of oxidation at Braden is extremely variable and depends upon 
three factors: topography, rock type, and structure. Structure is much more 


effective than the other twe Oxidation is deepest in the andesite flow bre« 

cias where it attains a maximum depth of 1,150 feet below the surface on the 
northeast side of the pipe It also extends much deeper in the breccias along 
the hanging wall than in the relatively unbroken rock of the footwall 


Average depth of oxidation along the hanging wall is about 500 feet, whereas 
in the footwall area, sulfide ore may extend to within a few feet of the surface 
The boundary of oxidation is generally gradational, but in places, espec ially 
where breccias are involved, it is very sharp, with the transition between 
complete leaching and good grade sulfide ore taking place within ten feet 
The deeper oxidation may penetrate downward well into the zone of supergene 


enrichment, thereby confirming a fairly recent uplift of the district 


Mineralogically, the oxidized 


zone is relatively simple, with a low average 
copper content not exceeding 0.25 percent. Rusty, yellow-brown limonite 
is the characteristic and most abundant product of oxidation. Near the 
surface, chrysocolla, malachite, and azurite are the predominant copper min 
erals; cuprite is more typical of oxidation penetrating downward into the 
supergene zone, and native copper extends even deeper, generally to just 
above the bottom limit of oxidation. Ores of the tennantite stage, upon oxida 


tion. vield a different and very distinctive suite of minerals. Partially oxidized 


remnants of tennantite ore are typically rimmed with azurite, which is coated 


with malachite, which in turn has a coating of chalcophyllite flakes. Where 


massive chalcocite has been oxidized, it commonly goes to cuprite containing 
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tiny disseminated grains of native copper, both coated, in some places, with 
brochantite 

The zone of supergene enrichment is thickest beneath the highest outcrops 
on the east and south sides of the Braden Pipe. Toward the northwest, where 
the Teniente Canyon has cut deeply into the orebody, the supergene zone 
decreases in thickness and almost disappears beneath the canyon. As might 
be expected, the supergene sulfide zone extends deepest beneath or near where 
oxidation has been most extensive. For the Teniente part of the orebody as a 
whole, important secondary enrichment stops at about Sub-B level, some 1,700 
feet below the surface, although traces of secondary chalcocite have been found 
well below 5 level. Enrichment is generally greatest at the top of the super- 
gene zone and gradually diminishes downward. Mineralogy of the supergene 
zone is simple, consisting of all types of primary ore minerals and pyrite 
coated or replaced in varying degrees by chalcocite. The chalcocite is massive 
and shows both a dull or bright luster; sooty chalcocite is rare 


GEOLOGIC HISTORY OF THE OREBODY 


Interpretation of the available evidence indicates a mode of origin for 
the Braden orebody quite different from the one now recorded in geologic 
literature. Some parts of the story are still inscrutable and require additional 
detailed study; other parts seem to be well-established. Eventually, as ex 
ploration and mining penetrate deeper into the orebody, and especially as the 
Braden Pipe becomes more thoroughly delineated and better understood, 
mining geologists will have a unique and unexcelled opportunity to probe and 
examine the very roots of a large metallic orebody. The recent establishment 
of a resident Geology Department at Sewell will insure against any forfeiture 
of this opportunity 

In summary, all of the individual events described separately in the preced- 
ing sections are integrated below into a geologic history of the orebody. 

The earliest recognizable event in the Braden Mine area was the deposi- 
tion of massive andesitic flows of the lower Farellones formation just after 
the hiatus that marked the close of the Mesozoic Era. The fact that these 
rocks are younger than the upper Cretaceous Chilense formation is the only 
tie that we have with the geologic time scale 

Even at this early stage, the long chain of events leading up to copper 
mineralization had already commenced with a doming of the volcanics and 
development of the strong northeast-striking quartz veins, presumably due 
to an early period of quartz diorite intrusion. The lower Farellones member 
was folded, somewhat fractured, and locally altered at this time, and sub- 
sequently exposed to erosiot There followed a short period of renewed 


voleanic activity, and the middle member of the Farellones formation, with 


its interbedded 


volcanic flows and terrestrial sediments, was deposited, ac- 
companied by frequent tilting of the terrain. Most of this member was com- 
pletely removed by another period of erosion. There was also some addi- 


tional displacement along the northeast-striking veins and faults. During a 
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final period of volcanism, the thick and varied beds of the upper Farellones 
member were deposited on top of all the older rocks. Subsequent folding 
and tilting have been almost negligible in the Sewell area. Intrusion of dif- 
ferent facies of the quartz diorite magma, as apophyses of the underlying 
Andean Batholith, seems to have continued intermittently, with attendant up 
lift and normal faulting, throughout a!l of Farellones time 

At this point, the stage had been set for hypogene mineralization, which 
at Braden apparently followed the familiar pattern of hydrothermal emplace 
ment, characteristic of many other porphyry copper deposits. The dacite 
porphyry, or its parental late-stage acid fraction of the Andean Batholith 


magma, is the ostensible prime source of mineralization. We can surmise that 
a large mass of dacite magma, perhaps as a cupola of the Andean Batholith, 
invaded at least a part of the space now occupied by the Braden Pipe. It 


spread dike-like for a short distance to both the north and south of the main 
stock and formed a crude conesheet. Emanating from this intrusive center, 
well in advance of the magma, were hydrothermal solutions that effected pro 
found changes in the surrounding rocks. Nearest the stock, there probably 
was formed a shell of strong silicification in both the dacite itself and the 
adjacent rocks. Just outside the silicified zone there may have also been a 
thin concentric shell of strong sericitic and/or argillic alteration in both the 
quartz diorite and the andesite As a result of the high intensity alteration 
nearest the stock, basic elements, including iron, calcium, potassium, and some 
aluminum, were released from rock-forming minerals and migrated outward 
Some of the iron and calcium traveled more than a mile to form abundant 
epidote, hematite, magnetite, tourmaline, and a little calcite in the outermost 
alteration zone. The other bases, along with some of the iron, were not as 
mobile, and deposited as abundant secondary biotite in the andesite closer 
to the stock Quartz diorite in the same area, with its coarser grain 
size and more acid composition, reacted differently than the andesite and 
broke down into a fine-grained aggregate of sericite and secondary quartz 

This mass of diversely altered rock, circular in plan, and possessing a wide 
variety of structural properties, was then subjected to geologic stresses that 
broke and closely shattered a large block of ground surrounding, and possibly 
including, the hypothetical dacite porphyry stock. The cause of this stock 
work fracturing is not clear, but the fact that fracturing intensity is almost 
inversely proportional to its distance from the stock suggests that it must also 
be somehow related to the stock Indeed, the stock itself and the surrounding 
rocks that formerly occupied the pipe were possibly shattered, or perhaps 
even brecciated at this time. The partial retreat or withdrawal of magma 
from beneath the dacite stock seems to offer one of the most plausible explana 
tions for this intense and concentrated fracturing 

The first, or main chalcopyrite stage, filled the stockwork fractures while 
fracturing was still continuing At depth, chalcopyrite and bornite, with 
minor molybdenite and primary chalcocite, all in a gangue of quartz and 


anhydrite, were the principal fracture fillings. Nearer the surface, presum 


ably in an environment of lower temperature and pressure, pyrite and chalco 
pyrite prevailed in place of bornite \ similar change took place from hanging 
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wall to footwall Some of the earliest chalcopyrite and bornite may have 
heen syngenetic in the last of the dacite porphyry 

The main chalcopyrite stage closed with a structural cataclysm that was 
the precursor of the Braden Pipe as it appears today Although our know!l- 
edge of the nature and origin of this structural event is very meager, we 
know that it succeeded in breaking loose the plug of rock within the pipe, 
and in so doing, it formed the pre-pipe breccia. This phenomenon, which 
presumably lowered prevailing temperatures and pressures appears to have 


promoted the deposition of abundant tourmaline. The same sulfides as before 
were deposited along with the tourmaline, but in much smaller amounts 
Some spectacular tourmalinized and mineralized breccias were formed ex 


tensively in the andesite (Fig. 10) and quartz diorite around the margins of 
the Braden Pipe at this time 

The next recognizable event in the orebody’s history was the evolution of 
the Braden formatior The very nature of this rock, with its anomalous 
rounding of fragments, abundance of ore fragments, and great vertical extent, 
hespeaks an origin comprised of uncommon geologic circumstances. The 
close time and spatial correlation between the Braden formation and the latite 
porphyry provides a clue 

Intermittent intrusion of latite porphyry is almost contemporaneous with 
the period in which the Braden formation developed. It does not seem im- 
probable that a pulsation of the latitic magma within a conduit underlying the 
Braden Pipe may account for some of the anomalous features of the Braden 
formation The high proportion of silicified and mineralized fragments further 
suggests that the original rock plug was never completely ejected from the 
pipe, leaving a gaping hole in the crust as supposed by Lindgren and Bastin 
(1 Moreover, the scarcity and small extent of bedding, combined with 
the extreme freshness of most sulfides in the Braden formation, belies the 
former existence of any extensive crater lake. Rather, it seems that renewed 
upward-acting forces beneath an existing stock dislodged and perhaps further 
shattered both the stock and some of the adjacent altered and mineralized 
ground. The actual breaking-loose would have taken place along a locus on 
the outer edge of the strong silicification. The injection of several different 
facies of latite porphyry may coincide with upward and downward displace 
ments of rock within the pipe During times of subsidence, a shallow lake 
may have developed at the surface, giving rise to a crude bedding in some 
portions of the Braden formation. The final phase, after the last intrusion 
of latite porphyry, was a period of substantial subsidence. Mineralization 
seems to have resumed almost at once, with deposition confined largely within 
the brecciated Braden formatior The ore-forming solutions had apparently 
changed very little, for, with the exception of molybdenite, they deposited 
the same tourmaline-rich assemblage of minerals as before, but only in smaller 
umounts. There followed a period, probably of short duration, in which 
there was renewed opening of the northeast-striking veins and possibly some 
additional subsidence of material within the pipe. This final structural 
activity coincided witl last stage of hypogene mineralization in which a 


group of relatively low nperature minerals was deposited sparingly in the 
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northeast-striking veins and in the brecciated Braden formation. These 
minerals are also found in tiny persistent veinlets in parts of the unbrecciated 
Braden formatior rennantite, sphalerite, and galena, in a carbonate gangue 
are typical of this stage, and all minerals of the previous stage, with the not 
ible exception of tourmaline, are present too, but in small quantities. A little 


| 


coarse-grained molybdenite reappears in this final stage 


Emplacement of a narrow discontinuous lamprophyre dike, glaciation, 


supergene enrichment, and erosion complete the geological biography of the 


Bradet orebody 


COMPARISON WITH OTHER DEPOSITS 


rhe last description of the Braden orebody, preplared more than 40 years 
ago, portrays a genesis more or less unique among orebodies. Brailen seemed 
to have very little in common with other porphyry copper deposits. Con 
clusions derived from the recent study, however, indicate that in many ways, 
including its origin, the Braden orebody is almost a model porphyry copper 
deposit. From comparisons between Braden and other porphyry copper 
districts, we can draw some interesting inferences about the mechanics of 
porphyry-type ore deposition in general 

The Braden orebody clearly belongs to the Andean clan of the porphyry 
copper deposits. It possesses many features that individually are common 
to other porphyry coppers, but in its entirety, it is unique. The interrelation 
ship of intrusive activity, breccia pipe formation, hydrothermal rock altera 
tion, and metallization is especially well illustrated at Braden 

Mineralogically, mainly by virtue of its abundant tourmaline, Braden most 
resembles the other Andean porphyry coppers—Disputada, Rio Blanco, and 
Kl Salvador in Chile, and Toquepala, Quellaveco, Cuajone, and Cerro Verde 
in southern Peru. The similarity between Braden and Toquepala, as pointed 
out by Richard and Courtright (7), is especially striking 

The metallic minerals are not particularly distinctive, but hypogen 
anhydrite or gypsum, in such prodigious amounts as a gangue mineral, is 
unusual and apparently has no parallel among other porphyry type deposits 
\ possible clue to its abundance at Braden is the position of thick gypsum 
beds in a portion of the stratigraphic column that would normally underly 
the orebody 

The Braden deposit demonstrates rather well a relationship between 
mineralization and intrusive sequence that is characteristic of many ore de 
posits. Typically, the intrusive rocks become increasingly more acid, with 
mineralization occurring at or near the height of acidity, and then generally 
followed by a small post-mineral intrusion of basic composition \t Bradet 


the sequence is: diorite, quartz diorite, dacite porphyry, latite porphyry, and 


hornblende lamprophyre, with mineralization extending from the end of the 
dacite to the end of the latit \t Toquepala, the sequence is similar; diorite, 
dacite porphyry, and latite porphyry, with ore deposition between the dacit 
and latite. Porphyritic textures prevail in the more acid rocks. The senior 
author has observed comparable successions in other Andean-type deposits, 
at many of the copper deposits in the southwestern United States, at Climax, 
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Colorado, and even in a simplified manner in the Coeur d’Alene District of 
northern Idaho. This is not to imply that all orebodies follow this same 
pattern, but only to suggest a feature that might be common at least to the 
porphyry-type deposits and prevalent enough to be useful as an ore guide 

Within the past two decades, rock alteration at most of the large porphyry 
copper mines has been described in considerable detail, and a common proto- 
type has been recognized. Although rocks at Braden seem to be compara 
tively fresh, rock alteration probably did not deviate much from the standard. 
There appears to be a good possibility that the most strongly altered rocks 
have been disrupted and destroyed by the Braden Pipe. Chemical changes 
within the rocks at Braden also seem to fit the normal pattern of porphyry- 
type rock alteration Ynalyses of fresh and altered rocks substantiate the 
recent view that hydrothermal alteration involves no important addition or 
subtraction of material but merely entails a rearrangement of existing com- 
ponents. Secondary biotite, in the quantity found at Braden, is unusual, but 
it is also common at Bingham, Utah and in the andesite at El Salvador, Chile 
The breakdown of diorite into an aggregate of sericite and secondary quartz, 
exactly like that at Braden, has been noted in many places, particularly at 
Toquepala (7) 

Structurally, the porphyry copper deposits exhibit some express similari- 
ties, and Braden has one or more features in common with all of them. An 
almost universal trait, especially well-developed at Braden, is the circular 
configuration of alteration, mineralization, and structural elements, arrayed 
concentrically around a common center. Orebodies in which this pattern of 
centrality is most perfectly developed commonly have barren cores for one 
reason or another. Climax, Santa Rita, Toquepala, and Braden are good 
examples of this barren-core type in which the orebodies in plan are ring- 
shaped. In others with a well-developed concentric pattern, the orebody it- 
self occupies the central area, forming orebodies such as Bingham, Butte, and 
Morenci. Most of the mineralized breccia pipe deposits belong to this group, 
although, strictly speaking, many of them cannot be classified as porphyry 


coppers Another large group includes deposits such as Ajo, San Manuel, 
und El Salvador where the concentric pattern is only imperfectly developed, 
resulting in orebodies that are arcuate or crescent-shaped \ fourth sub- 


division embraces orebodies like Chuquicamata, Ray, and Miami-Inspiration 
where mineralization seems more closely allied with lineal elements such as 
major faults and shear zones 

On the west coast of South America, and perhaps in other regions too, 
the study of porphyry copper deposits seems to be almost synonymous with 
the study of breccia pipes. In this respect, Braden has another common bond 
with many other porphyry copper deposits. Although no actual breccia 
pipes have been found in some of the porphyry copper districts, nearly all of 
them display at least some closely allied phenomena such as pebble dikes, 
small to large diatremes, or unexplained and unclassified breccias. In many 
of these occurrences the fragments are rounded and there is good evidence of 
vertical displacement, both upward and downward. Smythe (8) has noted 


the prevalence of pebble dikes and breccias at Chino, Ray, and Ruth. He 
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reports the interesting occurrence of large fragments of the basement com 
plex in pebble dikes at Ruth in an area where the basement rocks are no 
where exposed 

Pebble dikes and breccia pipes are not confined to porphyry copper dis 
tricts, but are found with other base metals and with uranium deposits; even 
the kimberlite pipes may be distant relatives. Many of them are barren, and 
their origins still are not thoroughly understood. Braden probably provides 
as good an explanation as any for the evolution of breccia pipes. Here, the 
recurrent advance and retreat of a magma within a conduit at the cupola of 
a batholith seems to have been the most likely means of breccia pipe formation 

This depiction substantiates at least two other postulates of ore deposition 
Che first, pointed out many years ago by B. S. Butler (9), is the important 
kinship between metallic orebodies and the late fractionated portion of a 
magma that collects in the cupolas of a batholith. This relationship gives 
us an extremely helpful ore guide. In the Chilean portion of the Andean 
Cordillera, for example, the numerous cccurrences of diorite are, in them 
selves, of no real significance, but the mining geologist who failed to in 
vestigate carefully a dacite or latite intrusion would indeed be negligent 

The second postulate is the less well-supported notion that many mining 
districts have an early history of some concentrated upward-acting force, fol 
lowed by later relaxation and subsidence. The Braden Mine area seems to 
have undergone a structural cycle of this nature, and the senior author has 
bserved a similar sequence in the Santa Rita District of New Mexico. There 
are indications that a comparable cycle may have been operative in other 
porphyry copper districts 

\t Braden, the interrelationships of hydrothermal alteration, stockwork 
fracturing, metallization, and brecciation are so clearly demonstrated that they 


| 


may possibly be able to shed some new light on the enigmatic process of ore 
deposition. Moreover, the evidence at Braden seems to substantiate previous 
studies by the senior author at Climax, Colorado and Santa Rita, New Mexico 
that point to a fundamental difference between vein deposits and porphyry 


type orelx uli — 


Ever since the commendable alteration studies at Boulder County, Colorado 
(10), Butte (11 and Tintic (12), mining geologists have attempted to 
reconcile the classic picture of rock alteration surrounding veins with the 


pervasive, often ill-defined type of rock alteration that accompanies porphyry- 
type deposits. These attempts have invariably been unsuccessful 

In veins, the altering solutions are guided by distinct individual channels 
along which they react with the wallrock. This same channelway affords 
ingress for the metallizi y solutions and serves as a locus for ore deposition 
The result is an ore shoot enveloped within an alteration halo, in which 
the rocks nearest the ore have unde rgone the highest intensity of rock altera 
tion This vein-forming process is generally relatively deep-seated, and 
the igneous source rock may be remote 

In porphyry-type deposits, the picture is quite different sutler (13) 
has pointed out the structural contrasts between the two types. In porphyry 
deposits the parent intrusive is generally close at hand, widespread stockwork 
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fracturing is the dominant feature, and mineralization occurs at relatively 
shallow depths. Altering solutions emanating from an intrusive source are 
not confined to one or even several channelways, but spread outward, per 
vasively altering the rock mass through which they travel. Moreover, once 
alteration has run its course, in contrast to veins, there may or may not be 
left any definite locus for ore deposition, and if there is, its location in relation 
to the alteration pattern may vary in different deposits. At least, the ore 
body need not be, and usually isn’t confined within an envelope of the most 
intensely altered rocks, but may occur impressed upon any part or parts of 
the alteration pattern 

The foregoing several paragraphs lead up to the important conclusion, 
so patently demonstrated at Braden, that the main period of hydrothermal 
rock alteration precedes, and is distinctly separated from, the main period of 
metallization in porphyry-type deposits. Moreover, the structural response 
ot a large mass of diversely-altered rocks to geologic stresses determines the 
localization of stockwork fracturing and consequently fixes the locus of ore 
deposition. These two propositions would indicate that porphyry-type de 
posits are a breed apart—not simply grandiose conglomerations of minute 
individual vein-type deposits 

Except for the narrow and relatively unimportant bleached margins along 
sulfide veinlets in the andesite, there is no evidence at Braden that the more 
pervasive rock alteration was derived from veinlets of the stockwork fractur 
ing. The same sulfide and gangue minerals are found in veinlets that traverse 
all types of rocks that have undergone all degrees of alteration. In this case, 
the main phase of rock alteration is clearly earlier than sulfide deposition, and 
furthermore, there is good reason to believe that rock alteration occurred even 
before stockwork fracturing took place. Thus we can suggest that in the 
case of porphyry-type deposits, the intense, pervasive rock alteration is due 
to the initial porphyry intrusion. The resultant diversely-altered mass of 
ground is especially susceptible to stockwork fracturing, which in turn, gives 
access to sulfide ore depositior 

Schwartz (14), and possibly others, have flirted with the idea of sulfide 
deposition being impressed upon favorably-prepared portions of an already 
altered area. This concept would seem to provide a plausible explanatiot 
for the variable position of the orebody in relation to the alteration pattern 
at different porphyry-type deposits. It would also account for some of 
the puzzling strongly altered areas that presumably lack metallization. 

Further speculation on the fundamental difference between veins and 
porphyry-type deposits, as suggested by the evidence at Braden, is beyond 
the scope of this paper \ comparative investigation of porphyry copper 
deposits, with this concept in mind, offers an interesting subject for further 


study 
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EVIDENCE OF THE ORIGIN OF THE BLIND RIVER 
URANIUM DEPOSITS 


DUNCAN R. DERRY 


ABSTRACT 


The ten uranium mines now in production in the Blind River area of 
Ontario have provided considerable new evidence on the origin of th 
deposits and have been the subject of a number of studies by Government 


company, and research geologists An attempt is here made to co-ordinate 
ind assess the evidence and conclusions presented by the various workers 

Commercial ore is almost exclusively restricted to quartz pebble 
conglomerate beds near the base of the Lower Huronian quartzites and a 


direct relationship exists between maximum conglomerate development and 


material was derived from Archaean 


grade of uranium The detrital 
basement rocks to the northwest and was probably deposited under deltaic 
conditions near a northward-migrating shore line 

Che ore minerals are uraninite, brannerite, and minerals of the gumnmiite 
group in variable proportion Brannerite is the most generally accepted 
is detrital mineral but even here the evidence is not altogether convincing 
Age determinations show that definite detrital minerals, such as zircor 
ind monazite, have an age corresponding to that of the Archaean base 
ment while the uranium minerals show an age closer to that of the 
deposition of the Lower Huronian sediments 
Pending more convincing evidence that the brannerite is detrital, it ts 


com luded that 


(1) The uranium mineral were deposited contemporaneously, of 
shortly after deposition of the conglomerate beds, but as precipitates from 
supergene solution rather than as detrital minerals 

(2) The present uraniu nerals resulted from recrystallization or 
reaction with other mineral ter bur 

(3) Hvydrothert al ictior coe not ippear to have played i more 

ignificant role than aiding such recrystallization and the redistributior 
of uranium within the conglommerate beds 


RODUCTION 


THERE are now ten mines in eight separate companies * producing uranium 
from what is generally known as the Blind River area, nine being actually 
in the vicinity of the new Town of Elliot Lake, 20 miles northeast of the town 
of Blind River, and the tenth ( Pronto) 18 miles east of that town. In addition 
one, the Spanish American mine, is on a care-and-maintenance basis, the 
uranium contract held by the mining company, Northspan Uranium Mines 





Ltd., being supplied by its two other mines These ten mines are currently 
treating about 32,000 tons of ore a day of ore of a grade mainly between 
two and two and a half pounds of U,O, per ton Accordingly, there has 
Since th paper was written th essit to cut back the rate of uraniw pr t 1 
rder to ex ’ ger period has re the actua 
imp ling t 
906 








VY oO} " ‘ reas ey S ; 907 


now becn made available, since the discovery of the deposits in 1953, a 
considerable quantity ot evidence on the geologi al history and processes 
behind their origin \lthough there is far from unanimity in the conclusions 
of the various workers on the origin of the ore ind much room for further 


researc certain broa principles have been established and it seems a good 


time to take stock of the evidence assembled to date 
The present writer | done no original research on these problems He 
has instigated and supervised some studies on mines under the management 


of The Rio Tinto Mining Company of Canada (these being the Ouirke an 
Nordic mines of lgo Uraniut Mines Ltd., the Panel, Lacnor, Buckles 


Zg 
and Spanish American mines of Northspan Uranium Mines Ltd.,_ the 
Milliken Uranium mine and the Pronto mine) and a good deal of the evidence 
pre sented comes from these Ines He has also had the cooperation of the 
staffs of the other four pr aqucing mines is well as the benefit of earlier 
publications and of correspondence and discussions with Government 


nd others interested in the many problems 


The paper is, therefore, a summary of evidence and a progress report 
| 


geologists researcl studet 


rather than a detailed study of any particular phase It is hoped that the 
evidence is summarized fairly, but the conclusions, naturally, cannot coincide 


with those of all the mdividual workers 


b ~ Dp < RRI WOR 
Although some geological studies had been carried out in the general area 
of the north shore f Lake Huron before the end of the last century, the 
first geological mapping 11 Iving any detail, including the sub-division of 


the Huronian Series, was carried out by W. H. Collins (5) of the Geological 


Survey of Canada in 1925 This work wa f high quality, as might be 
expected from one wl later became the Director of the Survey, and the 
geological map produced the Blind River area played a considerable part 
in the follow-up and staking important producers in the northern part of 
the camp, by F. R. Joubin and his associates, after their original discovery 
f the Pronto deposit Following Collins report there was no detailed work 
carried out in the Blind River area, so far as published reports are concerned, 
until after the uranium di eries, when E. M. Abraham (1) of the Ontario 
Department of Mines published a preliminary map and geological notes on 
Townships 149 and 150 his laid the foundation for other detailed studies 
in the vicinity of the deposits then being developed, including those of S. M 
Roscoe of the Geological Survey of Canada, who published a report in 1956 
(20) dealing especially with structure contours and isopachs and their rela 
tionship to uraniun alu In the meantime R. J. Traill of the Mines 
Department published ar unt of the mineralogy of the radioactive con 
glomerates 1. R. McDowell (11) at the same time was studying sedimentary 
features especially those nnected with the source of material for the 


Huronian sediments and the direction of drainage and his very well docu 


ented report entitled he Sedimentary Petr logy ol Mississagi (uartzite 
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in the Blind River area” was published by the Ontario Department of Mines 
in June, 1957 


In the meantime a number of papers had been delivered and published 1 
various scientific journals The first of these was by F. R. Joubin (10), the 
discoverer of the field, who wrote “Uranium Deposits of the Algoma ( Blind 
River) District of Ontario” in 1954, as well as other papers including (with 
LD). H. James The Algoma District” in 1956. R. C. Hart (8) and the 
Algom field staff summarized the developments around the Quirke Lake 
trough in 1955 R. T. Pountne 15) described the geology of the Algon 
Uranium Mine deposits in 1956. S. W. Holmes (9) published a paper or 
the geology of the Pronto mine in 1956, and in collaboration with geologists 
the other producing or developing mines in the district wrote a brochure 
prepared for the Sixth Commonwealth Mining & Metallurgical Con 


rress—covering very well the geology of the uranium deposits and 
irrounding area 

The most up to date published summary of the geology of the area as a 
hole is that by S M Ik con ind H IX Steacv (21), prepared for the 
Second United Nations International Conference on the Peaceful Uses of 
\tomic Energy While stressing the study of the uranium-thorium ratio ot 
the \ ent rock um mparing these with corresponding ratios in_ the 
Huronian sediments, the paper summarizes very well the overall geology and 
the « ence t te on the origin of the uranium deposits Roscoe (22) has 
iso published recent bri it valuable paper on the uranium content 


In addition to the publish papers re erred to above information was 
obtained for the present summary from various unpublished sources and from 
discussions with geologists and mineralogists working in this field. These 


sources included correlation work being carried out under the general directiot 


of the writer by members of the staff of mines under the control of The Rio 
Tinto Mining Company of Canada \ recent correlation carried out by 
R. C. Heim includes the results of work carried out by R. C. Hart, E. | 


K. B. Booth, F J Lees, G. Westner, M. Stuart, 


Evans, R. T. Pountnes 


! Mel.eod. P. Masterman. Discussions have also been held with S. W 
Holmes of Consolidated Denison and with David Robertson, who has studied 
1 number producing mines in the district and surrounding properties and 
who, with N. C. Steenland, has already in the press? a paper on the origin 
of the uranium ores in which a number of new concepts are advanced 

Che area has naturally attracted graduate students over the past few 


vears and several have selected different phases of the geology and mineralogy 
of these deposits for their theses Thus P. J]. Pienaar, in a thesis submitted 


at Queen's University and to be published in part by the Geological Survey 


of Canada, covers the sedimentation and correlation ot beds, together with an 

assessment the mineralogical evidence in regard to the origin of the 

deposits, in t thorough and comprehensive manner. Robert Rice als 

submitted thes it Cambridge University covering part of the same field 
It appear 
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t stressing particularly the detrital mineral content of the sediments and 
ts bearing on detailed stratigraphic correlation U. G. Milne and R. G 
Arnold have both made useful mineralogical studies described in theses as 
vet unpublished |. Patchett 1s also working on a thesis shortly to be pub 
lished dealing in considerable detail with the mineral content, especially radio 
active minerals, of the re-bearing horizon in the Algom-Nordic mine 
D. S. Sinclair of Queen's University is working on the faults and dikes of 


this area and the alteration affects in their vicinity 

\ge determinations are, obviously. an in portant aspect of the studies in 
regard to the origin of the uranium deposits. Determinations have been 
carried out in a number of laboratories including the Geological Survey of 
Canada, Massachusetts Institute of Technology, The Carnegie Institute, 
Geophysical Laboratory in Washingtor The greatest number, however, have 
probably been carried out by the Department of Geophysics at the University 


of Toronto by R. M. Farquhar and others under the general direction of 


Professor J | Wilsor uc] f the material heing separated and identified 
by |. Patchett 

Many of the papers referred to, either published or in preparation, deal 
vith the vari Ss aspect the geology the tlind River deposits ! 
< nsider ) ore leta t itte pte 1 this present paper 

bh 4 } } in 

The general geology here dealt with very superficially and for more 

details the reader referred to the bibliography and especially to the reports 


by the Geological Survey of Canada and the Ontario Department of Mines 


and the brochure prepared for the Sixth Commonwealth Mining Congress 

Briefly the uranium deposits all occur near the base of a series of Younger 
Precambrian sediments, generally referred to as the Huronian. which lie 
with marked uniformity on the older Precambrian, or Archaean basement 
rocks Che Huronian sediments are gently folded to give their contact with 
the older basement the shape of a “Z,” the upper angle of which encloses a 
west-pitching anticlinal core of basement 

lhe south-dipping south limb of the anticline, on which only the Pronto 
nine occurs, 1s interrupted by a major thrust fault, striking East and dipping 
South, which results in basement rocks being thrust over Huronian Except 
for the Pronto mine ll the uranium deposits being worked lie in two 
channels” on the two sides of the syncline. The north one contains the 
\lgon Quirke Consolidated Denison, Panel, Can-Met Spanish \merican 
inactive) and Stanrock mine The south one contains the Buckles (main 
re worked out Algom-Nordic, Lacnor, Milliken and Stanleigh mines 

Pre-Huronian Roi lL hese consist of three main groups (1) Volcan 
ind related sediments 2) (Gmneisses resulting from the granitization « 
sediments and possibly v nics 3 Massive granitic and granodioriti 
rocks, together with smaller basic masse \gain the reader is referred t 
more thorough pre ' p r greater detai he ‘ points -? 
ere iT¢ 
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(a) The basement underlying the ore deposits is more commonly pre- 
dominantly the volcanics-sediments group. The river channels, in which the 
uranium deposits are localised, may have been influenced in place and 
direction by the presence of the more easily eroded basement rocks. The 
predominant direction of folds of these older rocks, where exposed close to 
their contact with the rocks of the Huronian syncline, is about 110° (True) 

(b) Gneisses are rarely seen underground below the ore deposits or near 
the Huronian contact. They form a belt lying north of the syncline (20) 
Where acid intrusives are seen underlying the Huronian in underground 
workings they are mostly quite massive 

Roscoe has made a study of the basement rocks, particularly the granites 
and granodiorites, in regard to their mineral content and especially the 
thorium-uranium ratio. These studies show that with the exception of one 
or two local uraninite occurrences, there is no unusually high uranium content 
in the basement rocks from which the Mississagi sediments have been 
derived. The thorium-uranium ratio in the basement rocks varies but in 
general the content of ThO, is between .001% and .01% while the U,O, is 
between .0003 and .003% Thus the thorium-uranium ratio of the basement 
rocks lies in the general vicinity of 3:1 

Huronian Sediments.—This series of sediments, originally described and 
sub-divided by Collins (5), has been found by more recent studies to be rather 
i nomenclature has been suggested by 


more complex and a new system 
Roscoe On the included table (after Robertson and Steenland (19)) the 
two nomenclatures are shown 


STRATIGRAPHIC SUCCESSION OF THE HURONIAN SERIES IN THE BLIND RIVER 
\REA AFTER ROBERTSON AND STEENLAND 


N ature ( ature of Roscoe 
( te g 
I : Serie G I : 
Lorraine Lorraine = 
Cobalt s & 
(owgand Dunloy Gowganda Gowganda as 
Serpent serpent Serpent quartzite 
Espanola limestone Pa 
Quirke © 
Espano Espanola Espanola greywacke R 
Bruce limestone = 
Bruce Bruce Bruce Bruce conglomerate 7. 
Ten Mile Upper Mississagi S 
Mississag = 
Whiskey Middle Mississag = 
Mississag 
Nordic 


Lower 


Lower Mississagi 


I t Matinend: 
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As may be seen, the Lower Mississagi, which contains all the known 
commercial uranium deposits, has been sub-divided by Roscoe into the 
Matinenda and the overlying Nordic formation. The upper part of the 
Matinenda and the whole Nordic formation, however, are not seen on the 
north side of the syncline but are found on the south side and in the sediments 
sweeping southwesterly around the anticlinal nose. The overlying Whiskey 
formation, consisting mainly of argillites with a basal pebble and boulder 
conglomerate member, is the lowest member of the Huronian series that 
can be traced and correlated with confidence from one side of the syncline 
to the other. On the south side it overlies the Nordic formation but 
on the north side in the vicinity of Algom-Quirke and Consolidated Denison 
the Whiskey formation lies directly on the lower part of the Matinenda and 
in places overlaps it and lies directly on basement rocks 

lhe above relationship is consistent with the conclusion that the lower 
part of the Mississagi series of Collins consisted of material derived from an 
older land mass to the north which was deposited in deltaic conditions on a 
shoreline advancing in a northerly direction. This brings up the usual 
problem in such cases of whether to correlate formations by their relationship 
to the underlying rocks and the conditions in which they are formed, or by 
actual age. Consistent with the assumption of an advancing sea it seems 
most probable that the ore-bearing conglomerate and enclosing quartzite on 
the south side of the syncline was formed at a somewhat earlier date than were 
the similar ore-bearing conglomerates on the north side of the syncline. By 
the time the latter were being deposited it is probable that what Roscoe calls 
Upper Matinenda, or even the overlying Nordic sediments, were being 
deposited in the area now corresponding to the south limb of the syncline 

Although correlation of the Lower Huronian sediments at Pronto with the 


1 


formations around the syncline is difficult, in view of the complex faulting 
and considerable erosion of overlying formations at Pronto, it seems likely 
by inference that the Pronto ore-bearing conglomerate is the oldest of all the 
deposits being worked. We might assume that conditions favoring the 
deposition of gravel beds in broad river mouths or deltas progressed from 
somewhere south of the location of the Pronto mine to somewhere north of 
the location of the Algom-Quirke mine over a period of some thousands 
of years 

Intrusive Post-Huronian Rocks.—Collins in his original study on the area 
definitely concluded that the Cutler Batholith, lying southeast of the Pronto 
deposit and on the far side of the Murray Fault, was intrusive into Huronian 
rocks. Although this conclusion has been accepted by many later workers, 
[ can find no one who has described in print, or is prepared to show physically, 
any place where there is positive proof of granitic rocks intruding Huronian 
sediments. It is not argued here that such do not exist, but that field proof 
is still necessary before Post-Hurionian granites in this area can be positively 
accepted Isotope age determinations (21), while not entirely satisfactory, 
suppor: a post-Huronian age for this granite 

\s mentioned later, albitization and related alteration is prevalent in 
several of the mines, particularly in Pronto. This may be taken as an 
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implication of mtrusive activity but since this type of alteration is restricted 
to the vicinity of faults or fracture zones all that can be concluded with 
confidence is that hydrothermal solutions, particularly of a sodic character, 
were prevalent at the time Huronian rocks, south of the present line of the 
Murray Fault, were being disturbed or involved in mountain building 
movements 

Dikes and sills of diabase are common, intruding the Huronian sediments, 
and appear to be of more than one lithological type of rock; some of the 
later dikes may possibly be classed as lamprophyres. Alteration of several 
types has been described in the vicinity of certain of these dikes. While one 
type consisting largely of chloritization does seem directly related to diabase 
intrusion this is of rather local extent. The red albitization of quartzite does 
occur in the vicinity of certain dikes particularly on Algom-Nordic, Panel 
and Can-Met. It seems probable, however, that the relationship with diabase 
is fortuitous and may result from a fault along one wall of the diabase per 
mitting the access of albitizing solutions. Certainly red albitization is not a 
constant feature of the sedimentary rocks in contact with diahase 


rie ORE-BEARING CONGLOMERATES 


There is a close similarity between all ore-bearing conglomerates from the 
Pronto mine in the south to the Algom-Quirke mine in the north. In all cases 
the conglomerates consist largely of quartz pebbles with some pebbles of black 
chert, and rarely “foreign” pebbles, embedded in a darker matrix. The 
matrix consists of fine-grained quartz, feldspar, and sericite and has a variable 
but considerable content of pyrite, generally between 15 and 25 percent of 
the matrix in ore-grade conglomerate. It carries such heavy minerals as 
zircon and monazite, and the uranium minerals are invariably restricted to 
this matrix. The thickness of uraniferous conglomerate beds varies up to 
12 feet or so but in certain cases—mainly by the merging of several 
conglomerate bands—a thickness of 20 to 30 feet may be reached 

The relationship of the ore-bearing conglomerate to the basement varies 
from the Pronto mine, where it is almost everywhere a basal conglomerate, 
to the sitation on both sides of the syncline where the ore-bearing conglomerate 
may lie 100 feet or so above the basement but may approach or touch it 
locally where the original basement floor formed topographic “highs.” 

The number of conglomerate beds containing a sufficient proportion of 
uranium to be considered as millfeed varies from the single basal conglomerate 
at Pronto to the four or five distinct horizons on the north side of the syncline 
Many other conglomerate beds, generally narrower or less consistently 
developed, carry sub-commercial proportions of uranium 

Correlation of Conglomerates \s explained earlier it is believed that 
similar conditions favoring the deposition of conglomerates advanced from 
south to north over a fairly extended period. Accordingly, it would not be 
expected that direct correlation could be established between the individual 
conglomerate bands at Pronto and the “South Limb channel” on the one 
hand, or between the latter and the “North Limb channel” on the other 
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\W ithir eu h of the la t tw hannels howeve f correlation can he est iblished 


ORE CIHILANNELS 


The deposits being worked are restricted to three separate “channels” 
believed to be river beds reaching deltaic conditions. One, on which the 
Pronto mine is situated, is curtailed down-dip by thrust faulting Che other 
two, on each side of the Elliot Lake syncline, are well marked and give 


every appearance of drainage channels. In addition to the three, described 


1 
below, some other less-marked “channels” have been indicated by drilling and 
show some development of quartz conglomerates with minor radioactivity but 
not, so far, of mineable grad 

The Pronto Zon The deposit that became the Pronto Uranium Mine 
was the first discovery of commercial grade uranium in the district. It ts 
also the shortest zone or channel carrying uranium due to the fact that its 
continuity is interrupted a few hundred feet down dip from the surface outcrop 
by a zone of thrust faulting bringing older basement rocks upwards and over 
the Huronian sediments containing the ore (Fig. 1 

Pronto differs from the other producing mines in that the ore-bearing 
conglomerate is right at the base of the Huronian Series lying either directly 
on basement rocks or on the saprolites or fossil residual soils. The con 
glomerate is up to 10 feet thick consisting of predominantly quartz pebbles 
The detailed geology is more complex than that of the other mines due to 
much faulting and fracturing and the intense localized alteration associated 
with this fracturing 


The western limit of the ore channel trends in a northwest-southeast 


limit is formed near surface by a scoured channel but 


direction. This western 
the same southeasterly trend appears to persist in the lower levels beyond the 
influence of the scour channel, the limit here being caused by thinning of 
the basal conglomerate against the gradually rising basement he eastern 
limit of the conglomerate bed trends in a north-south direction, almost directly 
down dip, for the first few hundred feet from surface and then appears to 
swing southeasterly. This eastern limit occurs by the thinning of the con 


glomerate and interfingering with quartzite. Thus the zone gives the appear 
ance of a shallow channel in which a gravel bed was deposited as the basal 


member of a predominantly sandy series of much greater lateral extent 
The locally intense hydrothermal alteration, now receiving detailed study 


by the Pronto geological staff, 1s too complex a problem to be adequately dealt 


with here. It may be briefly observed, however, that (1 The alteration, in 
which albitization plays a major part but which also includes carbonate re 
placement, has the effect of changing the yellowish quartzite into a salmon 
pink mass resembling a syenite intrusive The ore-bearing conglomerate is 
also affected, first the matrix being replaced and in the more advanced stages 
even the quartz pebbles being completely obliterated (2) Surprisingly 
enough the uranium values have not been removed, but remain in the original 


stratigraphic position although in places compressed into a smaller thickness 
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than maintains in the adjoining unaltered conglomerate (3) The alteration 
is clearly related to faulting and fracturing, certain “panels,”’ defined by near 
vertical fractures, being altered while the adjoining “panels” are left relatively 
unchanged from their normal appearance 

It might be expected that the uranium-bearing minerals in such altered 
areas would have been recrystallized and perhaps reconstructed and it is not 
surprising that age determinations from this mine have shown anomalies 

The Nordic or South Limb Zon The Nordic zone or channel lies on the 
south limb of the Elliot Lake syncline and extends in a northwesterly direction 
with increasing depth from the Buckles and Algom-Nordic mines to the 
Stanleigh Uranium Mine, for a total proved distance of 19,000 feet As far 
as can be seen, at all five mines (Buckles, Algom-Nordic, the Lacnor Mine 
of Northspan, Milliken and Stanleigh) the same conglomerate horizon is the 
main ore carrier \ second conglomerate 10 feet or 15 feet below the first 
(and constituting a basal member in some parts of the Algom-Nordic mine ) 
carries ore grade and width much less constantly in all four mines, and a 
third horizon above the main conglomerate may also be found to reach ore 
grade and width in places 

The lateral width of the channel in which the conglomerate appears to 
have been deposited is from 4,400 to 6,000 feet measured normal to the axis, 
although the limits are in many places based only on widely spaced drill holes 
between the areas of underground workings. The lateral limits may be 
formed in several wavs 

(1) By a thinning of the conglomerate and fingering out to give a 
decreasing ratio of conglomerate to quartzite. This is probably the commonest 
way that mining is limited in the lateral sense and is the factor causing most 
of the northeastern limit of the ore 


(2) By arise in the basement rock resulting in the conglomerate horizon 


thinning and eventually being wedged out. This occurs in certain parts of 
the western age of the ore in the Algom-Nordic mine and in certain places in 
Milliken and Stanleigh 

The lateral limit of ore by 1 r y’’ is not a factor in the Nord 


Zone 


Although the present trend of this channel is angling across the nortl 
g | 


dipping limb of a syncline, the evidence of sedimentation (11) shows that the 
pping 


original direction of the drainage that transported the gravel and sand making 
up the conglomerate and quartzite was from the northwest to the southeast 

Ouirke or North Limb Zone This is the most northerly ore zone of 
those found and although occurring in almost exactly similar rock types as 
the previously mentioned deposits, it was probably formed at a somewhat 
later date than the others, consistent with a northward migrating shoreline 
The zone or channel runs from northwest to southeast and is traced from 
Algom-Quirke, where it outcrops, through Consolidated Denison and over 
the boundaries of that property into Panel and Can-Met \s mentioned 
below the ore in the Spanish American and Stanrock properties may be on a 
tributary channel or may be the margin of the main channel Che total 


length in the direction he channel in which ore has been found is 32,000 
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feet and the width varies from 6,000 to 9,600 feet, measured at right angles 
to the direction of flow of the channel. Correlation of ore-bearing con- 
glomerates from one property to another is much more difficult than in the 
South Limb zone due to the greater number of conglomerates and to the rather 
large gaps in which there are no mine workings or drill information. Recent 
studies by E. J. Lees and R. C. Heim in connection with an attempt at 
correlation by the Rio Tinto staff, with collaboration from the geological staffs 
of the mines concerned, suggest that the conglomerate of the main ore horizon 
“*/ 


in the Quirke mine (the “Quirke Conglomerate”) dies out or deteriorates 


(in places wedging out against an overlying erosion surface) as it reaches the 
east and southeast part of that property, its place as the main ore-grade carrier 
being taken by a conglomerate 60 to 100 feet lower down in the series. This 
lower conglomerate, which has been variously referred to as the “C” zone and 
the “Denison Conglomerate” is the one that carries the most consistent ore 
in Consolidated Denison. This consists of two conglomerate beds separated 
by up to 15 feet of quartzite, but in places the latter thins to a point where 
both conglomerates can be profitably mined as one body 

Correlation of the Denison conglomerate with the main ore conglomerate 
in the Panel mine (and in some claims owned by Algom Uranium between 
the two) is now accepted with fair confidence. Similarly it is probable that 
the horizon forming the ore conglomerate in the Can-Met mine can be 
correlated with that in Panel 

The conglomerate carrying the ore in the Spanish American mine and 
that in the Stanrock mine are almost certainly the same. On the other hand 
it 1s doubtful if the ore horizon in these two can be correlated with that being 
mined in Denison and Panel because the two areas are separated by a basement 
ridge that cuts out the lower, ore-bearing portion of the series. Rice (18) 
considers the Spanish American-Stanrock zone a separate channel, a tributary 
that joins the main channe! further east, basing his conclusion on a difference 
in the proportions of the detrital minerals. D. S. Robertson, on the basis 
of measurement from the overlying 


Spanisl American-Stanrock ore conglomerate to be lower 1n the series than 


“Whiskey Conglomerate,” believes the 


the Denison conglomerate 

From the above it may be concluded that two and probably three separate 
conglomerate beds play the part of the main ore horizon in different parts 
of the channel, i.e. the main ore “steps down” from one conglomerate to an 
overlapping lower one 

\t any one mine, in addition to the “‘main” ore conglomerate, narrower con 
glomerate layers carry smaller proportions of uranium that may make ore 
grade over sufficient thickness to be mined in selected areas Thus at the 
Quirke mine in addition to the main Quirke Conglomerate there is an “Upper 
Conglomerate” 8 feet above and a “Lower Conglomerate” 13 feet below, both 
of which may later be mined in selected areas 


lhe lateral limits of the ore-bearing conglomerates in the Quirke channel 
are formed in several ways 
(1) By the conglomerate being cut out from above by an old erosion 


surface formed prior to the deposition of the overlying Whiskey formation 
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At the west end of the Ouirke mine erosion takes the form of a scoured 
channel. The northeast limit of ore in Quirke mine, as well as in the Panel 
mine, is formed by a more regular erosion surface, again overlain by Whiskey 
formation 


(2) By gradual thinning of the conglomerate and fingering into quartzite 
(3) By the conglomerate wedging out against a basement ridge. This is 
a local rather than regional effect. One example is in the west part of the 


Denison mine south of the Ouirke boundary, another the basement ridge 
dividing the Panel-Can-Met ore from the Stanrock ore 


MINERALOGY Ol! HE ORE-BEARING CONGLOMERATI 


No attempt is made here to discuss in detail the mineralogy of the ore 
bearing horizons, which has been dealt with in papers by Roscoe, Traill, and 
Ramdohr as well as by Pienaar, Milne, Arnold, Rice, and Patchett in work 
as yet unpublished. The main conclusions that the present writer derives 
from these studies, so far as evidence of origin is concerned, are as follows 

The minerals of significance, either as carriers of uranium and thorium 
or from the standpoint of evidence of the origins of these metals, are: uraninite, 
brannerite gummite, thucolite monazite, zircon, and pyrite 


l’raninite is relatively less abundant than brannerite in the north limb 


ore channel and is most abundant in the Algom-Nordic mine on the south 
limb channel Most of those who have studied it under the microscope 
describe it as “angular to sub-rounded.” The typical grains do not appear 
to be as rounded as one would expect of detritals, although Ramdohr and 
D. S. Robertson have described rounded grains. However, the uraninite 
carries about 6% ThO,, which is more typical of pegmatitic uraninite than 
vein types, thus tending to favor a detrital origin. The two age determinations 
(see below) that seem most reliable give an age of about 1,700 m.y., which 
would, if accepted, make a direct detrital origin impossible 

Holmes, Pienaar, Roscoe, Arnold, and Robertson all seem to accept the 
uraninite as detrital Rice believes it to be formed by “secondary 
precipitation” of uranium leached out of brannerite, deposited as gummite and 
recrystallized as uraninite as a result of energy provided by the heat of 
intruding diabase. Patchett also regards uraninite as of secondary origin 
Patchett’s observation that some uraninite grains show, under the microscope, 
carbon centres is of great significance if it can be proved that this feature is 
widespread in the district 


Davidson in the references quoted and in many contributions to 
“Discussions” in Economic Geology has produced an impressive arsenal o 


‘ 


evidence and argument against a detrital origin of uraninite, which must be 


given careful consideration whether or not one is ready to follow him to his 
final conclusions on the rigin of the mineral in the Blind River and 
Witwatersrand deposit 

Brannerite There has been much discussion about this mineral and 


opinions vary from those who regard it as the most important detrital 


uranium-carrying mut who consider that brannerite, as a natural 
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mineral, does not really occur at all in the Blind River ores All agree that 
the grains, which generally have a rounded appearance, are now largely 
metamict, containing blades of anatase and rutile. The mineral carries a 


variable proportion of uranium, generally rather lower than typical 


brannerite from other parts of the world 
Rice notes a variation in the degree of “alteration” from relatively pure 
grains to those in which only an aggregate of rutile and anatase remain. The 


alteration appears to start with the appearance of drusy cavities and is followed 
by ex-solution of rutile in planes within the grain. He notes that while the 
amount of alteration may vary in adjacent grains the average alteration in- 
creases “down stream.” He thus believes the original detrital grains were 
relatively pure and massive brannerite and have been progressively altered 
to the extreme stage of an aggregate of rutile and anatase with little remaining 
uranium 

Pienaar (16) describes (under the term “Two phase uranium-titanium 
compound”) the same phenomenon and concludes that the mineral was 
deposited in detrital grains but in an unstable form due to leaching of uranium 
during transportation. He further suggests “subsequent recrystallization 
probably resulted in the diffusion or ejection of the uranium from the bladed 
aggregates.” 

Robertson and Steenland (19) believe that the brannerite grains are 
detrital in their present shape and metamict character but have undergone 
some subsequent alteration 

Patchett (14) concludes that metamict brannerite grains from the Algom 
Nordic mine are residual and occurred in this form in their original source 
rocks although he suggests the rutile needles included in the grains may be 
the result of alteratior He attempted to synthesize brannerite and was only 
able to do so at 2000° C in an inert atmosphere and concludes it could not 
have been formed naturally in the way suggested by Ramdohr (below 

Ramdohr (17), on studying brannerite from the Pronto mine, describes 
the mineral in the form of reddish-brown splinters forming part of larger 
metamict grains. He concludes that the brannerite is not a detrital mineral 
but one generated in situ as pseudomorphs of both rutile and uraninite by 
what he terms the “Pronto Reaction” which he suggests occurs according to 
the formula 

UO, + 2 to 3 TiO, ~ UTiO,.,0.., 

Most of those who have studied the mineralogy of these ores agree that a 
mineral of the present delicate and metmict character is unlikely to be trans 
ported as a resistant detrital. (mn the other hand the shapes of the grains 
are typically detrital. It thus becomes a question of whether the grains were 
originally purer and more massive brannerite that have become subsequently 


altered or whether the grains were originally some other, probably titaniferous, 
mineral into which uranium has been introduced 
Gumomite Under this term is included a number of so-called secondary 


or alteration products containing uranium, appearing to the naked eye as small 


yellow grains The mineral is particularly noticeable in the higher grade 
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ores in the Pronto mine. but mav also be found in the high-grade material 


on both sides of the Elliott Lake syncline Rice (18) notes that at the 
Spanish American mine (over 3,000 feet depth) gummite is the second 
commonest uranium mineral after brannerite He also notes that gummite is 
relatively scarce where uraninite is common 

Thucolite This mineral, which is found exclusively on late fractures 


or slip planes within the ore-bearing conglomerate, is radioactive and carries 
a variable proportion of uranium, evidently derived from the “primary” 
uranium minerals in the radioactive conglomerate and reprecipitated on 
fractures still within the same bed. Quite commonly it has pyrrhotite 
associated with it 

VW onazsite.—The monazite in the conglomerates gives every appearance of 
being a detrital mineral, appearing in well-rounded grains. Roscoe has noted 
in a recent paper that the monazite from the Blind River ore conglomerates 
carries an unusually high proportion of uranium, the average being about 
1.5% UO, and 6% ThO He also notes that a part of the uranium and 
thorium is dissolved during the acid leaching treatment of the ores so monazite 
must be regarded as one of the uranitum-bearing ore minerals 

The monazite grains carrying the highest uranium content are gray and 
have indefinite patches of what may be uranothorite. Thus there appears to 
be some question as to whether the high content of uranium is original or 


whether it has been added by replacement after the original monazite was 


deposited as a detrital grain 


The monazite separated by Patchett and dated by | \. Mair (of the 
Department of Geophysics at the University of Toronto) at 2,550 m.y. was 
the normal yellow type Both Patchett and Milne doubt whether the gray, 
highly uraniferous “monazite’ should come under that name, i.e. they think 
it may be an alteration product. Milne refers to it as a “monazite complex.’ 

Zircon.—This mineral is, without doubt, a detrital one in the Blind River 
ores The zircon is commonly of the purple radioactive type. Dating by 
J. A. Mair on grains from the Quirke mine gave an age of 2,450 m.y 

Pyrite Pyrite is a mmon constituent of the matrix of the ore con 
glomerates forming about 15 to 25 percent of the matrix in well packed 
conglomerates There are two types of pyrite One, the later, is relatively 
coarse, forms irregular replacements in the older type [he other, and 


older, type is hne grammed ind granular and in places gives the appearance 
of bedding. R. G. Arnold (3) notes that many of these pyrite grains have 
leucoxene centres and suggests that the pyrite resulted from the sulphurization 
of titaniferous magnetite Chis seems a logical conclusion in the absence of 
magnetite in a bed resulting from a well sorted gravel where magnetite and 
ilmenite would be expected to be common constituents 

Roscoe agrees with the titaniferous magnetite origin of the granular pyrite 
Robertson and Steenland, however, believe the granular pyrite was deposited 
as detrital, as does Rice, and Pienaar, although not specific on this point, 
implies the same belief 
The somewhat conflicting evidence on the minerals dealt with may be 


summarized as follows 








922 RK. DERR) 


(1) Zircon, and : 
detrital minerals 


2) Gray, high-uranium monazite presumably detrital but possibly altered 


t least the “normal” yellowish monazites, accepted as 


by uranothorite replacement after deposition. 

(3) Gummite—all agree not detrital. Difference of opinion as to whether 
it is secondary after uraninite and brannerite, or formed directly or 
indirectly by chemical precipitation from supergene solutions 

(4) Uraninite—by some regarded as detrital, by others as a secondary 
precipitation 

(5) Brannerite—considerable difference of opinion 

(6) Pyrite—Two schools of thought in regard to the older pyrite: (a) By 
sulphurization of titaniferous magnetite, (b) By deposition of detrital 
pyrite \greement that younger pyrite is hydrothermal 


AGE DETERMINATIONS 


Age determinations on sediments such as the uraniferous conglomerates 
are of little value unless carried out on cleanly separated, and identified, 
mineral grains 

Stieff and Stern (23) were among the first to report determinations on 
several specimens by several methods The results, however, were ambiguous 
due possibly to incomplete mineral separation but also because many of the 
determinations were on material from the Pronto mine where alteration of a 
type and degree not typical of the areas as a whole is prevalent 

More recently at the University of Toronto, the Department of Geophysics, 
using the Pb 206/207 method on material carefully separated by J. D. Patchett 
of the Department of Geological Sciences, has obtained results that seem 
technically acceptable. These results, recently published under the author- 
ship of J. A. Muir, A. D. Mayne, J. D. Patchett and R. D. Russell (25), 


are as follows 


Calculated 


Minera Source Laboratory & worker Method ame ia m3 

1. Monazite Nordic Mine Department of Geophysics PB206/207 2.550 
Separated by J. D LU’. of Toronto J. A’ Mair 
Patchett 

2. Zircor Quirke Mine Department of Geophysics PB206/207 2,450 
Patchett & Roscoe Ll’. of Toronto J. A. Mair 

3%. Uraninite Nordic Mine Department of Geophysics PB206/207 1,680 
Patchett U. of Toronto J. A. Mair 

4. Uraninite Nordic Mine Department of Geophysics PB206 207 1,740 
Patchett LU’. of Toronto J. A. Mair 

5. Brannerite Nordic Mine Mair, Slawson & Chinnery PB206, 207 1,870 
Patchett 

6. Brannerit« Nordic Mine Mair. Slawson & Chinnery PB206/207 2,000 
Patche 


While far more determinations are required before they can be accepted 
with complete confidence, these results are significant in that (i) the minerals 
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of undoubted detrital origin (zircon and monazite) gave an age corresponding 
to the average age obtained from samples of the Keewatin province that forms 
the basement source; (ii) the uraninites gave an age that corresponds with 
that believed, from geological evidence, te correspond with early Huronian 
sedimentation The brannerite ages, although checking each other, are 
somewhat ambiguous but if, as the studies suggest, there has been some 


removal of uranium s 


ce their formation, the necessary adjustment would 
| 


throw the dating a maximum of about 200 m.y. in the direction of that of 


the uraninite, i.e. to about 1,800 m.y Ramdohr, consistent with his belief 
that the brannerite is formed in place by “Pronto Reaction” regards radioactive 
dating on this mineral meaningless 

CON LSIONS 


Out of the clamor of differing opinions on the origin of Blind River 


of « 
uranium ores certain aspects stand out on which there is substantial agree 
ment These are 

(1) The source of the clastic material making up the Lower Mississagi 
formation was from the Archaean basement rocks to the northwest It is also 
agreed that the detrital minerals at least include the zircon and “normal” 


monazite 
(2) The cor 


and sand in broad, river vallevs or deltas near a shoreline that was advancing 


iwlomer ite ind associated quartzite were depositer 


l as gravel 
in a northerly directior resulting in the overlapping by younger beds over 
oltler 

(3) Commercial grade re is confined to certain quartz pebble con 
glomerate beds within 150 feet of the base of the formation. It favors the 
better developed and more consistent conglomerates and the best grade and 
width of ore in any one horizon normally coincides with that part of the 
bed where the thickness of conglomerate and degree of pebble packing are at 
their maxima 

(4) Hydrothermal alteration has affected the Mississagi sediments and, 
in places, the ore horizons but there is no evidence that such solutions have 
introduced uranium from outside or removed any measurable amount from 
a uranium-bearing horizot 

Opinions on the origi the ores vary from a hydrothermal process, or 
some modification of it, t pure’ detrital origin. No geologist I know in 
the area, however, accepts an extraneous hydrothermal origin and since the 


arguments refuting su rigin have been well summarized by Roscoe and 
Steacy (21), no time will be taken here to repeat them. Most, if not all, 
those geologists who have studied the area believe that the uraniun and 
thoriun were dep sited at bout the same time as the conglomerates were 
laid down and were buried with then The differences are centred mainly 
on the form in which the uranium was originally deposited and whether as a 
detrital mineral or as a precipitate from supergene solutions, and on the 


extent of later alteration or redistribution 
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Any theories or conclusions must take into consideration the following 


points in the mineralogical evidence 


(a) The relative rarity of uraninite in some mines especially in the ores 
on the north side of the syncline 

(b) The rounded outlines but delicate, metamict character of the bran 
nerite grains and the variation in composition and texture along the 


axis of a channel 


(1 lhe gray monazite grains that Roscoe has shown carry an unusually 
high uranium content, apparently in patches of uranothorite 

(d) The presence of gummite or related minerals in places and at depths 
where it could not be a secondary alteration related to present surface 

(« The age determinations indicating “normal” monazite and zircon as 


having an age of about 2,500 m.y., equivalent to that of the Archaean 


basement, while uraninite and brannerite give younger ages in general 


grouping around 1,700 to 2,000 m.y (Some much younger ages 
have been obtained and may represent later recrystallization—but have 


not been confirmed 


If we eliminate a purely hydrothermal (epigenetic) origin, as supported by 
Davidson (7), the explanation of the origin of uranium advanced in the 
various papers published or in preparation may be roughly summarized under 


1 
rhnre¢ ore ups 


1 That both uraninite and brannerite are detrital minerals, account 
originally for all the uranium present, and have undergone some alteration 


at some stage following deposition, Gummite would be one result of such 


alteration 
? TI mnite t} ni y ] - ral »xcluding 
(2) iat uraninite is the only original uranium mineral (excluding 
monazite from this defimitior now recognizable and all other uranium 
minerals, including brannerite, have been formed in situ from uranium 


derived from the uraninite 


(0 That brannerite is tl 


he main or sole uranium-bearing mineral (if we 
exclude monazite) and that uraninite is a secondary precipitation resulting 
from the breakdown of brannerite, aided by hydrothermal action 

For my own part, if | had to accept one of the above three hypotheses on 
the basis of the evidence | would pick the last Chere are, however, certain 
pieces of evidence, or lack of evidence, that make it difficult for me to accept 


even this explanation hese are 


(a) Brannerite has not yet been identified in the Archaean source rocks 
to the northwest 

(b) Could a mineral (brannerite) be resistant enough to form detrital 
grains, yet be subject to alteration to a delicate metamict aggregate 
luring or shortly after transportation ? 


\ge determinations do not support a detrital origin for uranimiute or 





( \ cetrit ] T ! t ite i pletel cditterent process ro tl { 

icl rmed the other jor tv sedimentary urani eposit 

that und im the thiweste4rt nited State Ce wrical principles 

ind processes e a habit of repeating themselves, ever ver the 
changing pl lition lon and a half vears 

It is suggested that the rivers depositing the quartz-pebble conglomerates 

drained an area containing small proportions of uranium but that little reached 

the conglomerate beds in the form of detrital grains. Uranium and thoriun 


e surface waters, would be precipitated in concentrated quantities 


ly favorable conditions that would include high porosity 


slow drainage and reducing conditions 


In line with the above notion Brotzen (4 has suggested that the con 
g| 


omerates might have received their uranium after light burial under sand or 
clay by the agency of underground water courses, such as are common in 
many desert areas Chis would give the slow seepage and, possibly, reducin 


environment tavorable for such precipitatior 


It is suggested here that the above conditions resulted in the deposition of 
uranium, and some thorium in addition to what was already present as 
onazite etc., in the fort relatively unstable minerals The gummite 
present, if not ar rigit neral, is probably closer to such original pre 
ipitates than any others now formed he same conditions could also have 


favored the sulfurizatior lt magnetite thus producing the granular pyrite 


the ground mass 


The next stage, which might have commenced any time after the cor 
glomer ite had been buried under a few thousand feet of ediment vould he 
the re-dissolving of uranium and its re-deposition as uraninite or as replace 

ent by uranothorite in part f monazite gran or as needles or slivers of 
brannerite reaction titaniferous minerals ogestes Ramdohr 
cal 

While hydrothert ut 1 nm the ers solutior ciated vit 
igneous mtrusior na e played part in this tter nvet n. certait 
evidence suggests t t paramount 

i The age etet nat uraninite the Department er pl K 
it the University loronto gives age rresponding to ear Huronian time 
efore the later igne tot 

b) Brannerite i st common on the north side the Elliot 
syncline—farthest from known later-Huronian igneous and tectonic activit 
is at Pronto which is est to this disturbance 

Doubtless the solutior respot sible for albitization of quartzite and cor 
glomerate at Pront ind less markedly so further north, did result in some 
later solution and redep sit I lt uraniun he evidence sugyest | weve?4 
that most of the uranium-bearing minerals, and the granular pyrite, were i1 
their present form before any floo f hydrothermal solutions caused albitiz 
tion, chloritization and the deposition of the later pyrite It is particular] 
noticeable at the Pre nt ! ne that the intense ilterati n. mn place - tT plete ly 


estroving even the quartz esas we is replacing the rours nd 
| ’ ind 
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the quartzite lying above the ore conglomerate, has not resulted in the 
uranium values being moved out of the zone 

Thus the mode of origin favored in this paper, on the basis of the evidence 
to date, is that the uranium was deposited more or less contemporaneously 
with the quartz pebble conglomerates, but not predominantly as detrital grains, 
and was later largely redeposited by recrystallization as uraninite or by 
reaction with detrital grains The hydrothermal action associated with the 
tectonics and intrusions at the end of Huronian time probably caused some 
recrystallization or reconstitution but without moving the uranium from the 
original sedimentary horizons 

\n open mind must be kept on this problem and it is possible that further 
evidence will build up an irrefutable case for a predominantly detrital origin 
of the uranium in the Blind River deposits. At the moment the evidence 
seems to the writer to be insufficient to support a process that has not 
apparently been repeated since Precambrian times 


Rio Tinto Mininc Co. or CANADA 
lORONTO CANADA 


February 2, 1960 
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ABSTRACT 


probable range f oxidation potential and pH values for the 
nvironment and those for the depth environment were studied 
through three approaches, 1 amelv field measurements of Eh and pH 
values ot natut vaters in mining districts, experimental oxidation ot 
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iron and manganese solutions by air, and theoretical considerations of 
chemical and mineralogical factors involved in natural systems The 
oxidation potential for the weathering environment is found to be largely 
controlled by the reduction mechanism of oxygen. Hydrogen peroxide 
forms during the reduction of oxygen in aqueous solution, and is catalyti 
cally decomposed back to oxygen plus water by various elements, some 
of which are common in natural systems A reversible equilibrium 1s 
thus established between hydrogen peroxide and oxygen, resulting im the 
control of the oxidation potential of the weathering environment by the 
H.O,-O, couple The oxidation potential for the depth environment ts 
probably controlled by oxidation-reduction reactions involving iron-ricl 
minerals, since iron is the most common among the elements that occur 
in more than one state of oxidation in rocks Limitations may be im 
posed on the pH values for these environments by the dissociation of 
ferric hydroxide at the acidic side, and by the hydrolysis equilibrium of 
calcite at the basic sic An Eh-pH diagram indicating the probable 
ranges of Eh and pH values for the two environments is giver 


INTRODUCTION 


Geochemical Environments in Terms of Eh and pH When exposed to 
the we athering processes, a sulfide ore body tends to develop a zonal arrange 
ment of different mineral associations which reflect various degrees of 
oxidation. Minerals tend to reach equilibrium with their environments, and 
the change in one or more of the environmental factors results in a change in 
mineral association. If a mineral can no longer exist in the new environment, 
it undergoes chemical reactions and the reaction products may either be 
removed from the system or form a new mineral that is stable under the 
new conditions. Each mineral has a characteristic range of chemical 1m 
munity \ccordingly, a certain amount of environmental change may affect 
one mineral but not another; a change in the mineral assemblage results 

It is a very useful method to express geochemical environments quantita 
tively in terms of oxidation potential (often referred as Eh or redox potential 
and pH, although these two quantities are the consequence of an over-all 
chemical balance of the entire substances present, and not vice versa. If Eh 
and pH values of a wet system are given, it is possible to predict the activity 
ratios among various chemical species of an element with the aid of thermo 
dynamic calculations \n assumption is involved in this method of describing 
a geochemical environment, namely that the Eh and pH values of a geo 
chemical system are largely controlled by the chemical properties and relative 
unounts of predominant reactive substances present, and can be treated as 

xed quantities so long as those substances remain dominant or constantly 
supplied to the system. Other substances present in minor amounts are 
expected to stay conformable with the fixed Eh and pH 

Previous Work ry 


chemical problems were discussed by Butler and Burbank (10), Goldschmidt 


eoretical applications of oxidation potentials to geo 


22), Scerbina (47), and Chapman and Schweitzer (11 In recent year 
the role of pH has been incorporated into discussions of the role of oxidation 
potential. Such contributions were made by Mason $] Blumer (5 


Krumbein and Garrels (36), Garrels (19, 20, and 21), Huber and Garrels 
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(27), Baas Becking and Kaplan (2), and Huber (28). A _ paper that 
particularly refers to the problem of oxidation and supergene enrichment 
is one by Garrels (20) 

Results of actual measurements of Eh, with or without accompanying pH 
measurements, are fairly common for soils, lake waters, lake sediments, sea 


waters, and marine sediments. Measurements for other environments are 
scarce. Measurements on soils were reported by Willis (61), Burrows and 
Gordon (9), and Pearsall and Mortimer (43). Those on lake sediments, 
lake waters, or bog sediments were made by Kusnetzow (37), Hutchinson, 
Deevey, and Wollack (30 \llgeier, Hafford, and Juday (1), Firtion (18 

Swain and Prokopovich (55, 56), and Swain (57). Data for sea waters or 
marine sediments were given by Brujewicz (8), ZoBell (68, 64), Cooper 
(13), and Breurich (6 Measurements on sampled vanadium ores were 
made by Pommer (44 Kaplan (33) measured the Eh and pH values of 


27 samples from hot springs, geysers, and pools of the geothermal regions 
of New Zealand. No measurements appear to have been made on sulfide 
ore bodies 

Scope of Present Investigation In order to provide necessary field data 
for the study of geochemical environments of exposed sulfide ore bodies, field 
measurements mm situ of En and pH values of natural waters surrounding 
ore bodies have been carried out at various depths in mining districts. The 
following four mining districts were chosen: (1) Magma mine, Superior, 
\riz.; (2) San Manuel mine, San Manuel, Ariz.; (3) Cole and Campbell 
mines, Bisbee, Ariz.; and (4) Continental No. 1 mine, San Juan County, 
Utah An experimental study on the oxidation of tron and manganese 
» obtain additional information for the 
interpretation of the field data \n attempt was made to specify the probable 


solutions by air has been made t 


ranges of Eh and pH values for the weathering environment where free 
oxygen is abundant, and those for the depth environment where sulfide 


minerals remain unoxidized, on the basis of these results as well as theo 


retical considerations of chemical and mineralogical factors involved in natural 
systenp 
FIELD MEASUREMENTS OF Eh anv pH 
Vethod of Investigation 

Procedure The field equipment for the measurements of Eh and pH 
values of natural waters in mining districts consists of a probe containing 
three electrodes and a portable potentiometer. The structure of the electrode 
probe is shown in Figure | \ plastic tube, 14 inches in diameter and 
| inch thick, was cut to a length of 4 inches. Numbers of } inch holes were 
drilled into the lower two-thirds of the tube to provide inlets for seeping water 


\ round plastic disc with the same diameter and similar holes was cemented 
to the lower end of the tube to complete the probe casing The upper end 
of the tube is fitted with a rubber stopper which has three larger holes and 
one small hole. The larger holes are for three electrodes, namely, a saturated 
calomel reference electrode, a glass pH electrode, and a platinum oxidation 
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potential electrode. Each electrode has a 10-foot lead wire to allow easy 
setting of the potentiometer in a restricted underground space. The potential 
difference between the calomel electrode and the glass electrode gives the 


pH value of water, whereas that between the calomel electrode and the 


platinum electrode gives the oxidation potential. The small hole is fitted 
with a glass tube to which a rubber tube with a steel stop-cock is attached 
This tube provides an outlet for the water that seeps into the probe from 
the other end of the casing 


Probe Casing 
(plastic) iy 
Lead Wires ». « « a y 


" 
% Rubber Tube 


— ! > + 
i 4 
Rubber Stop -cock 
Stopper ] TT] 
rT’ 
Outlet Tube 


| pH Glass 
' Electrode 


( 
) 
4" } \ 
| 


Calome! Ref. 


| Electrode 
i \ie 
Ld 
/ } af 5 
Pt Oxd. Pot. Electrode 
' 
Fi ] The structure of the electrode probe used for Eh-pH measurements 
of natural waters 
rhe standard procedure for the measurement is to locate water seepage 
from the wall rock and to make a hole large enough to accommodate the 
probe in a direction very slightly dipping into the wall rock. In many cases, 
however, horizontal diamond drill holes were used. To prevent leakage of 


water and contamination by atmospheric oxygen, the gap between the hole 


and the probe was sealed with plastic modeling clay (mixture of wax and 


clay) at the mouth of the hole, as shown in Figure 2. In case the amount of 


water was not sufficient to fill up a hole, or the seepage was only from the 


roof, a plastic vessel was used to collect the water and the probe was dipped 
into the vessel as a substitute method. Such a method, however, is not 


udequate for deep-circulating water unless the rate of drip is fairly rapid and 


the measurement is made immediately, as the rate of change of oxidation 
potential of a dilute solution due to exposure to atmospheric oxygen is 
remarkable in a low potential region. This point was demonstrated in 


laboratory experiments to be dese ribed later 
The portable potentiometer used in the present study is a Beckman N-2 
pH meter. This pH meter is essentially a vacuum-tube voltmeter with very 


s 


high input impedance and sensitivity With a platinum electrode instead of 
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as to be converted to the millivolt scale 
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range ot 


the maker value (oxidation 





potential in terms hydrogen scale) is calculated by adding 242 mv to the 
potential value thus obtained For a potential higher than 420 mv, a 
portable null nt type potentiometer was used as an auxiliary imstrument 
Pemperature ripe thor necessary for the pH measurement The 
teniperature iter re t mercury thermometer and the tenipera 
re per t the pH metet is adjusted accordingly. Since under 
t hun met ‘ ( eedingly high, extreme caution had to be 
taken 1 ont - 4 tr ‘nstrument , 
Wax-clay 
Electrode Probe “/ 
af — 
: - Le A 2 oe : 
“4 2 
4 i 
Hole 
pH 
me 
@' Wall-rock 
’ 
t 4*¥ 
Fo _ Sampling Bottle 
Potentiometer 
\ met the electrode probe into wall-rocks 
{ " n nil } In the course of planning the field Eh and pH 
neasurement serious questiotr had been raised as to whether the process 
f mining might invalidate the data obtained using above method The most 
ero s¢ possible deviation from an undisturbed, natural conditior 
s the ta ati y atn heric oxygen introduced as the result 
rele i operatior ith a subsequent rise in oxidation potential 
Complete « t the gen contamination is next to impossible, for 
we have ( é to depth without some sort of mining operations 
Phi t ele vever, since oxygen contamination always 
tend P , ‘ re T the oxidation potential higher thar 
the one tl ive bee ead if no contamination had taken place 
It is a vet issumipt that the true oxidation is not 
higher tl easure potentia We can apply the cri theretore 
that the measure tent gives the upper limit for the true potet 
tial prevailit t cle (other ssilmlities for contaminatio xing 
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of introduced water ar ntact with the iterials used in mining operations 
Vhese contaminatior however, do not present any serious problem, for the 
in be eliminated wit table precaution 
Field | lt 
Vagma Ming Su ’ Descript ns of the we logy an niner 
ogy of the Magi eposit ere given by Browning and Snow (7). Short 
ind Ettlinger (51 ettlinger and Short (17 Short and Wilson (52). and 
Short et a 53), the t paper being the most complete reference Copper 
the principal or et f the mine The dominant ore minerals are 
pyrite, bornite, chalcopyrite nd enargite lennantite and hypogene chalco 
cite occur in subordinate amount Che outcrops do not show strong gossans 
Carbonates of copper with a relatively small amount of iron oxide are 
und at a depth about 100 feet below the surface Supergene enrichment is 
mportant im the Mat vel ibove the SOO level Im the vestern portion 
the ne, the bottor the oxidized zone is nearly horizontal In the 
( steri port 1 on the ther hand. the Ie Wer lint of the oxidize | rcvine 
ro ly parallel t nclined sedimentary beds. oxidized ore ippearin 
evel Yclow the ROO level Short et al 53 suggested the » sible uper 
positior tw stapes oxidation t account for this bending of the 
otton ! xidatior e ground water table stood at about the 400 level 
n the N | shaft before the start of the extensive mining perations \t 
present water 1s seeping int the 500 level at the hott m of the Martin line 
stone between No. 1 and N $+ shafts Phe seepages ot a considerable 
umount water 1s limited to the 2,550 level and below in the eastern section 
and the $800 level is the vestern sec n In those place drill hole 
provided the best source of natural water 
The data for the 15 measurements of F] ind pH values of natural waters 
it the Magma mine are ted in Table 1] The measurement rom M-] 
through M-& were ide in the primary ore zone, where the sulfide mineral 
ire tree of oxidatior lhe measurements M-1]. M 2, M-3, M-4, M-6, and 
M-7 were made in horizontal lrill holes where water seepage vere abundant 
[hese measurements gave the lowest oxidation potential value indicating 
the east depree « ve ntamination Measurement M-3 and M-4 
hich were 1 ude in the nity of the North Branch vel gave compara 
senate | aia aie ng the measurements made in drill hole Che 
measurement M-5 e through the standard procedure described previ 
lye = : meager ence the possibility of oxvger 
- re — , cement M.S o 1 ecting water 
Ae aa © ail ‘ mati ee little doubt about the 
ve taminat é Nie rements f1 M-9 through M-15 
ere ‘ ! the ( tw ere the re rac eet clize 
\ eT ‘ tter ‘ resent mm the ill iteT 1 
ere easure , { acle S. ‘ ive oe ere present 
Che rs ny act ’ r ’ itter appear ‘ he re<cnone e tor the rela 
, ¢ }- } 4 ‘ ne ‘ .e men re ent 
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San Manuel Min VM 1 he geology of the San Manuel 
wosit, Ariz , lescribed Schwartz (50 The ore body is composed 


of chalcopyrite ; ri disseminated through quartz monzonite, monzonite 


porphyry, and Supergene oxidation and enrichment of the deposit 


have been exten he depth of oxidation ranges from 285 to 1,630 feet 


over a wide ar \n irregular supergene sulfide zone is present below 
he oxidized ore he zones of oxidation and 


le present erosion st and water tabl Schwartz (50) concluded that 


enrichment are not related t 


hey were developed during earlier cycle of erosion The water table 


stood at depths of 30 { ) xtensive mining operations began 


| 


Drainage by the mining o lov the water table and the amount 
water seepage has been red » occasional drips along the south fringe 
drift of the main ore «ly at the 1,415 level \bundant water was encoun 
tered in the new drifts around the north ore body at the 1,475 level and along 
the cross-cut from No. 1 shaft to the main ore body at the 2,075 level 
Che data for the 13 measurements of Eh and pH values of natural waters 


at the San Manuel mine are listed in T: 1 The method of measurement 


applied for each measurement is also noted in the table The measurements 
from S-1 through S-12 made in the primary ore zone. Measurement 


S-5 was made with water coming out of a churn drill hole which had been 


sunk from t fac \lthough the measurement was made within the 
primary ore zone sult of the measurement should be considered to 
represent the Eh and | conditions for the zone of oxidation, since the 
water was probably coming from the surface zone directly The results of 
measurements S-2a and S-2b are interesting in that these results indicate 
the difference in the extent of oxygen contamination, depending on the 
nethod of measurement used The two measurements were made at the same 
location, but bv different ethods \bundant water was coming out of the 
wall a newly opened drift at the location bh was made through the 
bc af 


standard procedure i the electrode probe was plugged into a hole cut 


into the wall rock, wl S-2a was made by dipping the electrode prob 
the water col 1 plastic vessel Although S-2a was made within 
minutes after the ing water was collected in the vessel, the measured 
potential i ’ was 0.13 volt higher than the case S-2b 


the rapidity the change of oxidation potential of natural water 


4 


primary ore zon ic <posure to atmospheric oxygen. Measurement 
3 


13 was made at a ce water sump at the site of a new open-pit mining 

operation where tl surt soil had been removed recently Limonite was 
abundant in tl 

Cole and Campbell Mines, Bisbee, A) The geology and ore deposits of 

described by Ransome (46), Notman (42), De Kalb 

ind Bateman (4 Some 5.000 feet of Paleozox 

verlie Precambrian Pinal schist Their eroded 

5.000 feet of Cretaceous sediments bottomed by 

stock, dikes 1 sills of quartz monzonite t 

intrude the 


us activity 
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Within the limestone the deposits are beds or pipes of massive sulfide replace 
ment, whereas within the porphyry they are disseminated replacements. The 


primary ores have been deeply oxidized and developed into rich supergene 


sulfide ores below the oxidized zone. The present water table does not 


correspond to the bottom of the oxidized zone. The valley filling in the 


adjacent Sulphur Springs Valley caused a rise in the water table with drown 


ing oT oxidized ores Locally supergene sulfide bodies persist ibove the 
water table, because of an arid climate (sossans enclose bodies of oxidized 
ores and cap the ore baoclie 

The data for the & measurements of El nc pH value natural waters 
it the Bishee district are listed in Table 1 The measurements from B-1 
throug! B-4 were mace it the upper levels of the Cole mine where the 
primary sulfides had been oxidized or undergone supergene replacement 
The measurement B-4 was made with the water that seeped through oxidized 
res. Supergene enriched ores, however, were exposed along the same drift 
away from the seepage Measurement B-5 was made on water that was 
gushing out at a rate of approximately one half gallon per minute from a 
fissure developed within limestone Precipitation of ferric hydroxide was 


observed at the mouth of the fissure, indicating active oxidation of dissolved 
ferrous iron species as the result of exposure to atmospheric oxygen 
Measurement B-7 was made with the water that had been pooled in a water 
The color of the water was brownish 
’ 


sump at the bottom of the Lavender pit [ 
blue owing to the high concentrations of copper and iron Measurement B-& 


was made on the head liquor for cement copper recovery which had been 


sprayed ver a low grade ore dump The Eh and pH values for the last 
two measurements may represent those that prevail in the zone of intense 
oxidation where sulfide minerals are actively oxidized 
Continental N 1 Mine, San Juan County, U tah.—The Continental No. 1 
mine is located at the southern flank of the Lisbon Valley anticline in San 
juan County, Utal The geology and uranium deposits of this area have 
been extensively studied by many geologists of the | Me \tomic Energy 
Commissior Reference will be made to the papers by Dix (15), Isachsen 
32), and Lekas and Dahl (40 The known sedimentary rocks that form 
the anticline range from Pennsylvanian to upper Cretaceous in age The 
rocks exposed in the immediate vicinity of the Continental No. 1 mine are 
the Cutler formation of Permian-Pennsvlvanian age, and the Chinle and th 
Wingate sandstone formation f upper Triasic age, which unconformably 
overlie the former The uranium deposit occurs as tabular bodies within the 
lower 20 treet f the Mi 3s Ba k men ber ot the ( hinle formation which 1s 
characteristically gray-green 1 lor In the mine workings, the host rocks 
show abundance of carbonates and carbonaceous materials. Coalified woods 
are common In places, fine-grained pyrite is abundant within the bleached 
sandstone lavers, which total several inches in thickness Pyrite nodules up 
to half an inch in diameter are common in both the bleached sandstone lavers 
and the dark brown uranium ores The abundant occurrence of pyrite 1s 
limited to the ore horizor the Moss Back member The ore horizon dips 
slightly southward at the end of the incline of the mine, which is sunk 
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It is a remarkable fact that the Eh and pH values measured in the oxidizing 


environment fall within a relatively narrow zone, despite the diverse con 
ditions and localities of the measurements The zone lies much below the 
upper limit of the stability field of water that represents the standard 
equilibrium potential between water and oxygen gas. The partial pressure 


f oxygen gas in air is approximately 0.2 atm. at the ground level, and the 


xidation potential of a solution in contact with air for a long period of time 


should approach the potential given by the following equation, if it is a 


reversible one 
2HLO = O. + 4H* + 4e, Eh 1.229 — 0.591 pH + 0.0148 logP 
1.219 — 0.051 pH 2 


Even though some measurements were made in intensely oxidized surface 


environments, none of the results indicated that this equilibrium had ever 


heen reached 


Examination of the results of other workers obtained from different 
environments also points to a similar conclusion \llgeier, Hafford and 
Juday (1) measured the Eh and pH values in situ of the water and bottom 
the f ! k ng { } \I ‘ xidation potent Ee} i may be 

\/ 
ke} vhere I 96.500 ¢ itlombs 23.070 « mole 
” 
| el t ve Ss 2 nt ms t he at } ‘ n gies t t 
vit e numbe es as 
\Fy t\F 4 Fy m n B 
0.0591 H 
23.070 » " 0.0591 i 
lin 0. t firs =] I ‘ 1 is ton BK 
1A Hi) B milf 
At equilil ' ndet i7 P \/ RT A whe K is the 
' He 
' \/ tA} + wil hA/ 
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\ 
I H 
k 
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A I tlogiA mpl 
I 
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| A giB alogiA 
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sediments of eleven lakes u Wisconsin, t vether with depth, temperature 





and the amounts of dissolved oxygen, ferrous and ferric iron, and hydrogen 
sulfide Pheir results are plotted on an Eh-pH diagram in Figure 4. Crosses 
8 } . | 
ey q 
2 
> s* "o ; 
%%. 
6 ’ ; 
| . %, 
. 
‘ 
: 
a * 
s . 
»" 
Eb * 7 i 
% “i. 
+ o% 
° * . 
oO 
7 
4a , 
y 
\ ’ . 
2 } 3 ° 
‘ = ~ 
_ 6 a 4 
. . . ve . . ‘ 
8 , 
; 2 
2 ? 
me 
P 2. 
“4 4 
c+ 
% 
, . 
“*% 
. 
" 
4 ° 
0 4 6 8 y 4 
oH 
x free syger Present @ Free Oxygen Absent 
I 5 Plots of |] H ue ot natural iters im four ning trict 
( ircl represent easure t n the primary ilfide ore zone. and crosse those 
n the zone ox itior 
Fy 4 Plots ) | H € f lake ters aime { lake ecliiment i? 








940 


1A] 17 
represent the values obtained in the near-surface zone where free oxyget 
is present, and dots those obtained in the deeper zone where oxygen is 
absent The boundary between the two zones again appears to comeide with 
the standard potential of the hydrogen peroxide-oxygen gas couple Phe 


values obtained in oxygenated zones also fall within a relatively narrow zone 
above this potential. In their study of water-logged soils, natural waters and 
muds, Pearsall and Mortimer 43) have called attention to the fact that 
' 


relatively low concentration of oxvgen suffices to maintain predominantly 


oxidized” conditions They indicate that the change-over from reducing 
to oxidizing conditions takes place at a value about 0.35 volt at pH of 5 in 
natural waters and that this has considerable ecological significance \t pH 


1 5, the | vdroge mh pe roxide-oxygen gas couple vives a potential of 0.386 volt 


lhe results of other measurements that were clearly made in oxygenated 
environments correspond more or less closely to the values already discussed 

The above results for oxygenated environments all indicate that: (1) the 
potentials observed are much lower than the potential that would be measured 
if a reversible equilibrium were established between oxygen and water, and 


>) the Eh and pH values lie within a relatively narrow zone above the 


standard potential of the hydrogen peroxide-oxygen gas couple The fact 


that the presence of dissolved oxygen in water is a common factor to those 
measurements strongly suggests that the control of the oxidation potential 
f ar oxidizing” environment is related to the reaction mechanism ¢ 
oxygen reduction Chis possibility is further supported by the fact that 
hydrogen peroxide is known to occur in the process of oxygen reduction 

Che Eh and pH values measured in primary ore zones are generally lower 


than the line representing the standard oxidation potential of the H.O.-O 


couple It is difficult, however, to draw a definite conclusion as to the Eh-pH 
conditions prevailing at depth from the results of the field measurements alone 
(Oxygen contanunatior f the water is inevitable because of mini gy operations 

easured Ich values be ing higher than the natural ones The rate of | 
change of a dilute solution by oxygen contamination is very rapid, if the initial 

hdatiot potential of the SOLUTION 1s mucl lower than the standard potential 
t the H.OC).-O., couple iwccording to the results of experimental idatior 
iron and manayganese solutions to be described later 

The acidity of water in the ne of oxidation ranges from 2.2 (leaching 


plant Bishec t & 3 pH units ROO Le vel, Cole mine, Bisbee : and that in 


the primary ore zone from 5.6 (1,475 Level, San Manuel mine) to 8.7 pH 
nits (Continental No. 1 mine. Utal 
I k Fr MI \ SA SOLI IONS \ k 
- 


The essential purpose 1 series otf experiments carried ut was the 
observation of the rate hange in oxidation potential for a dilute metal-salt 
solution, while r was bubbled through the solution at a constant rate and 


temperature ert sultate nd manganous sulfate solutions were usec 








fi f 4] 


mmon elements in the earth's crust 


for both iron and manganese are very com 

ind have more than one oxidation state within the stability range of water 
In each experiment, 200 ce of a 0.01 molal solution of ferrous sulfate ot 
anganous sulfate was placed in an air-tight plastic cell he cell is equipped 
ith platinum, glass, and calomel electrodes, thermometer, burette, gas 
bubbling tube, and an outlet tube which is connected to a gas trap. The 
throughout a run at a constant rate by means of a 


lution was stirred 
[he electrodes were 
The solution was reduced with 


to automatic potential 


magnetic stirrer connected t 
hvdroge nN 





recorders through preamplifiers 


gas prior to the introduction of ait \iter the solution was sufficiently 
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Ky 5 he traces of the expert mental rut on the oxidation of iron solutions 
} at t 
I 6 The plot t the |} values against the logarithm of time in Run No 
Fe-] sho ng a sudden ci ue n the rate of oxidatior n the cinity of the 
tandard potential of the H,O,-O, couple 
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reduced, either 1 N HCl or 1 N KOH solution was titrated from the 
burette to adjust the pH to a desired value. When both the oxidation 
potential and pH of the solution reached steady values, air was bubbled 
through the solution at a constant rate. The oxidation potential and pH 
values were recorded as functions of time of air-bubbling 


Experimental Results 


Fe-H,O System.—Of all the eight experimental runs with ferrous sulfate 
solutions, only three of them are discussed here. The other five runs gave 
similar results. The recorded time, Eh, and pH values for each run are 
presented on an Eh-pH diagram in Figure 5, which shows the progress of 
the runs 

In Run No. Fe-I, a 0.01 molal solution of ferrous sulfate was initially 
reduced with hydrogen gas, and then 2.0 cc of 1 N HCl solution was added 
(HCl 0.01 molal). The bubbling of hydrogen gas was continued during the 
addition of HC] The Eh at the start of air-bubbling was —100 mv, reaching 
a constant value of 572 my after 16 hours. The pH value remained constant 


at 1.90, and the temperature at 27° (¢ The result of the run is also plotted 
as Eh vs. time in Figure 6. The time of air-bubbling is taken as the abscissa 
on the basis of the exponent of 2. It is seen that the Eh changes linearly 


with the logarithm of time below 558 mv., at which value a sudden, distinct 


change in slope takes place in the trace of the Eh vs. log (Time) plots, 
indicating a change in the oxidation mechanism Above this potential, the 
change of Eh becomes vanishingly small Although the plotted values above 
this potential are connected by means of a line on the diagram, the data 
could equally fit an asymptotic curve. A simple calculation shows that the 
H.O.-O, couple has a potential of 570 mv at pH 19 

Phe f t tion is giver inction of the vit t f fer ' fe 4 

be he + ¢ I 0.771 + 0.0591 log 
When the I s wer than about 0.6 Vv t. the iron in solution exists predominantly as terrous ion 
even though the activity coefficients for both iron species are taken into account This permits 
the approximation of the ferrous ion concentration as equal to the total iron concentration 
which is 0.01 mo n this run Neglecting the activity coefficient for ferrous ion, the above 
tent tion bee writte 
| oO879 + 0591 g ike 
The ng I with t nge of the garithm of the mecentration of terr m te mes 
ik} 
0.591 (constant 
g (Fe 

Hence nstant rate iction f ferric ion in the solution results in the change of El 
roughly roportion to the garithm of time The linearity of the plots of Eh vs. log (time 
below the potent f 0.56 volt in Fig. 6 indicates this relationship As the Eh becomes higher 
the effect of the decrease in the terrous mcentration becomes significant, and the amount oft 
Eh change for an equ ncerement of g(time) is expected to increase, provided the rate of 
formation of ferric ion remains constant The drastic decrease in the slope of the Eh vs. log (time 
plots above 0.56 volt is contradictory to this prediction The discrepancy may be best explained 


by assuming a change in the ox tion mechanism 
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In Run N Fe-I1, a 0.01 molal solution of ferrous sulfate was initially 
reduced with hydrogen g Then 4.0 cc of 1 N KOH solution was added 
to 200 cc of the solution \ white colloidal suspension of ferrous hydroxide 
as formed After Eh and pH of the solution reached constant values 
; ' 


ur was introduced Dhe vhite color of the ferrous hydroxide mnmeciately 


changed to greenish blue, then to dark green, and further to black, indicating 
the rormatior of hvdro-n agnetite Folk wing the lormation = oft hvdro 


magnetite, the Eh of the solution rapidly rose until it reached the value 


56 mv (pH 6.80), where a brownish tint began to appear, indicating the 
ormation of ferric hydroxide The Eh-pH value shifted slowly along a line 
with the slope of 0.059 volt per pH (hydromagnetite-ferric hydroxide coup 

until the entire hydromagnetite changed over to vellowish brown ferri 
hydroxide at a potentia +060 mv Then the potential abruptly jumped 
to 305 mv (pH $.50 ind very slowly proceeded along a line roughly 
parallel to the potential line of the ferrous ion-ferric hydroxide couple, which 

rrespor Is te 


? 


Fet* + 3HO Fe(OH), + 3H* + e, 


i] 1.057 0.1773 pH 0.0591 log (k« 3 


When the Kh ol the solut m re iched the potential of the H ().-() couple at 
Kh 4170 mv and pH 5 Sf wain the rate of the Eh change suddenl 
diminished After 20 hour ¥ contimuocus alr bbling, the Eh remarne 
nstant at 500 mv with the H equal to 3.68 Chis result indicates that 
a cl ing« if the oxidati 1 mec} inisn takes place at the potential { the 
H,O.-O, couple regardles f the form of iron present in the solution, of 
whether the system is t eneous or heterogeneous It also indicates 
however, that the presenc¢ lid phase iron produces a marked depend 
ency the pH value 1 olution upon the oxidation potential of the 
solution Without adding any extra ree acid,” the pH value in initially 
neutral ferrous ion solutior iy become as low as 3 upon exposure to air 
Run Fe-II1] was made to examine the effect of the presence of a buffer 
went CaCO). was ‘ the buffer agent 200 ex a 0.01 molal FeSO) 
lution was reduced wit hydrogen gas and then 1 gram of chemical] 
precipitated CaCO il ytical grace wa uided together with 2.0 cc « 
N KOH _ solution When the mixture ime into equilibriun ur was 
uubbled throug! Phe 1 the solutior nediate changed from bluist 
vhite t irk greenisl The EI the solution rapi rose fre 
510 my pH 8.20) t R51 pH 7.10), where vellowish br n lerrn 
hvdr e hegan to r When the } lr wwnetite had cor plete chanvec 
to ferric hydroxide at | 60 mv and pH 7.10, the Eh again moved uy 
uirly rapidly until it re ‘ e potenti the H.O.-O uple at El} 245 
vand pH = 7.22. After 14 hours of continuous air-bubbling the Eh remain 
alt t nstant at 310 1 nd the pH at 8.10 Although the Eh value at 
the end tne fri git igher than the standard potent 1 the 
H.O.-O iple, the fur ental mechanism of Eh-control appeared littl 
Sachad ee neencnrs iffer agent Phere wer ight riations it 








944 VOTOAKI SAT 


pH during the ru t ried from the initial value of 8.20 to a minimum 
value of 7.10, and then ba 0 8.10 in the final stage Probably the acid-hase 
reaction 


+ JIC) 
could not quite compensate for - acidification due to the reaction 
Fet+ + SO, sH.O Fe(OH + SO), + 3H* 


during the active oxidation stage 

Vn-H,O System.—Seven runs were made with manganese sulfate solu 
tions. Only the results of four typical ones are discussed here. The experi 
mental data for the first three runs are plotted on an Eh-pH diagram in 


Figure 7 Most of the experimental procedures and conditions were the same 
as for the Fe-H,O system 

In Run Mn-I, a 0.01 molal MnSO, solution was reduced with hydrogen 
gas Che reduction was continued during and after the addition of 2.0 ce of 
1 N H,SO, solution until the Eh of the solution became almost constant at 


%> mv. Following this, air was bubbled through the solution at a constant 
ate \fter 20 hours of continuous air bubbling, the Eh reached a constant 
alue of 639 mv. The pH remained constant at 2.10 throughout the run 
The temperature was kept constant at 25° C. There was no visible change 
in the appearance of the solution. Apparently manganese dioxide did not 
form \s in the case of Run No. Fe-I, the data are plotted on an Eh-Time 
diagram (Fig. & \ distinct change in the slope of the line is seen at a 
potential of 582 mv, which is very close to the potential of the HO, couple 
it this pH (558 mv at pH = 2.10 

In Run No. Mn-Il, a pure 0.01 molal solution of MnSO, was used 
Temperature s constant at 3 C from the start of the air-bubbling for 
uit 5 hours \fter 41 hours of continuous air-bubbling, the Eh reached 
$.07 The pH varied within the range of 4.07 to 4.11 
visible change in the appearance of the solution throughout 
Che above EI alue at the end of the run is slightly higher thar 

standard potential of the H,O,-O, couple which is 440 mv at pH +.10 
In Run No. Mn-III, 1.0 cc of 1 N KOH solution was added to 200 ec 
of 0.01 molal MnSO, solution after the latter was sufficiently reduced with 
hydrogen gas. White colloidal suspension of Mn(OQH), was formed. When 
both the Eh and pH of the solution became stable, air-bubbling was started 
The Eh rapidly rose from the initial value of —210 mv to 200 mv, wher 
wn suspension, probably hydrohausmannite, began to form The 
vn hydroxide was almost complete at 284 my During 
this portion of un, the pH varied slightly from 9.17 to 940. After 21 
hours of bubbling, the potential reached 417 mv at pH = 6.45 
The reason fi he large shift of the pH from 9.40 to 6.45 in the late stage 
of the run is not cle: Probably disproportionation of the hydroxide had 
taken place w the run, producing a small amount of Mn** ions whicl 
established an equilibrium with the hydroxide At a pH of 6.45, the H,O,-O 





couple gives a potential It is a general observation in the 


| 


series ol experienments lv Eh values reac hed at the later 


Stent 
of the runs tend to be more positive than the standard potential of the HO 


at a higher pH rang \ discussion of this fact will be 


given later 
he purpose of Run No. Mn-IV was to examine the effect of th 


variation 

pH upon the Eh valu of a Mn-H,O system containing solid 
manganese \ solution containing 0.01 mole per liter each of MnSO, and 
KOH was oxidized by both the Eh and pH attained constant values 
Then, pure nitrogen ¢ which w 


was completely deox 


phases ol 


by passing 
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through a heated tube containing fine powder of metallic copper, was bubbled 
through the solution to expel the last trace of free oxygen present in the cell 
The nitrogen bubbling was continued throughout the run to prevent the dif 


fusion of free oxygen into the cell After several hours of nitrogen bubbling 
the Eh and the pH values were constant at 310 mv and 8.40, respectively \t 
this stage, 1 N HCI solution was added from a burette. The recorded pH and 
Eh values are represented by the trace IV of Figure 7 Che solution contained 
a brown suspension at the beginning of the acidification. The color gradually 


changed to dark brown and further to black as the addition of HC] proceeded 


\t the end of the run, the pH was lowered to 1.52 and the Eh reached a 
value of 1,180 my Chis potential is far higher than any potential obtained 
in other runs It should be noted that hydrochloric acid is not an oxidizing 
agent, and yet the simple addition of this acid raised the Eh to a high value 
[Important aspects ol this result are that, when an aqueous system contains 
one or more solid pl ases, it 1s possible (1 to change the oxidation potential 
by simple acidification or basification, without adding an oxidizing or reducing 
agent ; and (2) to raise the oxidation potential above the values usually obtain 
able through oxidation by air, by means of acidification Another aspect, which 


is also related to the results of the previous runs, is that a direct oxidation of a 


manganous solution by air can not precipitate manganese dioxide im an acid 
environment either the acidification of an intermediate oxide or hydroxice 
which forms only in a basic environment, or some organic activity is probably 
required to precipitate the dioxide This aspect is significant in connection 
with the geochemical separation of manganese from iron in a weathering 
environment Krauskopf (35) discusses this problem extensively with some 
experimental results, and concludes that the preferential precipitation of iron 
under oxidizing conditions plays an important role in the separation. The 


above observational data strongly support his conclusion; within the normal 


pH range of the weathering environment, namely 4 to 6, dissolved ferrous 


I ! ont t I nge without the action of an oxidizing agent is exy me ntl 
‘ The El} t ition is determined by a reversible oxidation-reduction ¢ 
t her ‘ : esent e solution If Mn on and Mn, exist in a solution 
I \ © is giver the functior both pH and Mn on activity, as 
3Mr + 4H Ma) SH 2e El 1.824 0.2364 pH 0.0886 log (Mn 
The Eh v rease t t ncreased If sufficient 1 is added to the solutior 
I ‘ k su SS1V 
Mn) 2H Mne)h + M HA) 
Mn) 21 MnO: + Mn HA) 
W I en by tion 
2Mn + SHAD MrneQOh + OH + Je KI 1.443 0.1773 pH 0.0891 log (Mn 
If the se t k vit ncreasing dityv, then we have nivy Mn nand Mn) 
nd the I . 
Mr + 2H Mn) 411 2e I 1.228 0.1182 pH 0.0295 log(Mn 
Hence ve ‘ Fr I \ } sin ‘ idificatior The above disproportionation mec! 


inisn 1 tf t rt tion of manganese dioxide minerals in nature 
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iron is easily precipitated as ferric hydroxide by atmospheric oxidation, 
whereas dissolved manganous ion remains in solution without being oxidized 
to one of the insoluble oxides or hydroxides 


THEORETICAL CONSIDERATIONS 


Oxidation Potential Control by Oxyaen 


Mechanism of Oxygen Reduction—The oxidation potential at which 
oxygen is reduced to water is given by the equation 


2H.O = O. + 4H*+ + 4e, Eh 1.229 — 0.0591 pH + 0.0148 log? o (4 


This is a relatively high potential among various known couples of inorganic 
substances. It predicts that oxygen should be a better oxidizing agent than 
perchlorate C10, ion, if the above reaction is a reversible one In reality, 
however, the reactions of oxygen at room temperature are often much slower 
than the reations of other oxidizing agents with less favorable potentials 
It is even slower than ferric ion. This sluggishness of oxygen is due in part 
to the initial difficulty in breaking the bond between the two oxygen atoms 


Che faster reactions of oxygen are those in which the bond remains unbroken 
According to Latimer (38), there is abundant proof that oxygen in the 
presence of hydrogen ion is generally reduced to hydrogen peroxide. The 
evidence of hydrogen peroxide forming as an intermediate product of oxygen 
reduction is not limited to aqueous solutions at room temperature, but also 
is found in numerous cases such as the thermal reaction of oxygen and 


hydrogen, autoxidation of biological systems and of metals, and electrolytic 


reduction of oxygen at a cathode. Reference will be made to a recent 
publication by Schumb, Satterfield, and Wentworth (49) as to an extensive 
review of the chemistry of hydrogen peroxide. The actual mechanisms in 


volved in the process of reduction of oxygen in aqueous solution, however 


has not been well established In their study of the reactions of oxygen 
reduction at a mercury electrode, lofa, Shimshelevich, and Andreeva (31 


concluded that the reduction of oxygen to hydrogen peroxide was a first order 


reaction for oxygen in both acid and basic solutions. The reaction was 
postulated to proceed ia ©) HO... and HO with the rate determined by 
the ste p 


() - ¢ >) 


The reduction of hydrogen peroxide was also found to be a first order reaction 
Latimer (38) states that with one electron reducing agents, HO, is an inter 
mediate. The one electron steps in the reduction of O, to 2H,O in acid 


solution proceed as indicated below 
0.— HO. — HO, —~ HO + OH »IHA) 


In an electrochemical study of the cathodic reduction of oxygen at platinum 
electrodes, Winkelmann (62) recently proposed a mechanism involving free 
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radicals 


() »() »>HO,. — HO »H.0, — OH + OH > 20H 


+ > + + + + 


é H* f H* c c 


Whatever the true mechanism may be, it appears to be a solidly established 
fact that hydrogen peroxide or its basic equivalent, peroxyl ion, is an inter 
mediate product of oxygen reduction. From the fact that hydrogen peroxide 
is the most commonly detected intermediate product, it is apparently the most 
stable one among the intermediate products of oxygen reduction. It is not 
surprising, therefore, if the oxidation potential of an aqueous system in 
contact with free oxygen is controlled by the chemical behavior of hydrogen 
peroxide 

Chemical Behavior of Hydrogen Peroxide —Hydrogen peroxide is one of 
the most powerful oxidizing agents in both acid and basic solutions. This is 
because of the high oxidation potential of the water-hydrogen peroxide couple 


2H.0 HO. + 2H* + 2e, 


on 


Eh 1.772 0.0591 pH + 0.0295 log (HO, 


It also behaves as a reducing agent against a moderately strong oxidizing 
agent, however, being itself oxidized to oxygen 


HO. OO, + 2H* + 2e, 
Po 
Eh = 0.682 — 0.0591 pH + 0.0295 log HO 6 
{ , 


The oxidation and reduction potentials of hydrogen peroxide are such that 
hydrogen peroxide should be able to oxidize itself, that is, it is thermo 
dynamically unstable. It is unusually persistent with respect to dispro 
portionation to water and oxygen. If a strong oxidizing agent is present in 
solution, however, a catalytic decomposition of the peroxide takes place 
Consider the following potential in comparison with the two potentials of 
hydrogen peroxide given in equations (5) and (6) 


Mn**+ + 2H.O MnQ. + 4H* + 2e, 


Eh 1.228 — 0.1182 pH — 0.0295 log(Mn** 7 


We see that HO, should be able to oxidize Mn** to MnO.,, but should also 


be able to reduce MnQ, to Mn**, resulting in a catalytic decomposition of 


the peroxide. The decomposition of hydrogen peroxide by Fe ion has 
first been shown to involve the free hydroxyl and perhydroxyl radicals, OH 
and H©)., by Harber and Weiss (23, 24). The mechanism involved has been 
established by the work of Barb et al. (3), who have shown that the com 
petition of ferrous ion and hydrogen peroxide for hydroxyl] radical determines 
the extent of the generation of oxygen. The above relationship of the value 


of oxidation potential with the catalytic decomposition of hydrogen peroxide 
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final Eh values from the standard potential of the H,O,-O, couple with increase 
in pH observed in the experimental runs. In natural environments, how 
ever, this rate factor is probably insignificant, since the introduction of free 
oxygen to the deeper portion of the weathering zone is presumably very 
gradual The Eh value would be determined mainly by the ratio of the 


activity of oxygen to that of hydrogen peroxide 


Oxidation Potential Control 1 Rock-lorming Minerals 
( nderground Waters at Depth Underground waters at depth may 
originate through | penetration from above of meteoric water through 
soils and weathered rocks, and (2 preservation in situ or mugration of 


primary water that was present at the time of formation of rocks. Meteoric 


water contains carbon dioxide and small amounts of dissolved substances 


derived from the atmosphere Upon entering the soil and rocks, these react 
with the pre-existent minerals, forming new compounds that include 
carbonates, bicarbonates, and sulfates of alkali and alkaline earth metals, 
soluble alkali silicates, and free silica By the time it reaches the level of the 
water table, the consumption of dissolved oxygen and the neutralization of 
icidd components are nearly complete. The stagnant condition prevailing be 
neath the water table further accelerates the attainment of equilibrium between 
the water and the host rocks Primary water, present in the host rocks at 
the time of deposition or intrusion, may also constitute part of the underground 
water. Connate water in a sedimentary rock is an example. Minor amounts 

water are always liberated during magmatic activities. Such juvenile 


water may remain within the igneous rocks or permeate through overlying 


rocks, or migrate to the surface in hot springs and fumaroles. Primary 
water is presumably im equilibrium with the host rocks, so long as it exists 
In pore spaces and minute fractures of rocks for a geologic period of time 
Regardless of origin, underground waters at depth are characterized by a 
prolonged contact with the host rocks heir chemical nature is, therefore, 
largely influenced by the chemical and mineralogical composition of the 


host rocks 


extensive discussions on the chemical composition of various waters are 
given by Clarke (12) and Rankama and Sahama (45) Recently, Schoeller 
(48) presented an extensive paper on the geochemistry of underground 
waters Results of 50 analyses of mine waters were compiled by Hodge (26 
ind of 56 analyses by Emmons (16 Hodge (26) made comprehensive 
study of waters in mines of sulfide ores Assuming that the balance betweet 
strong acids (SO Cl and alkalies determines the acidity of waters, he 
found that 22 were acid, 14 neutral, and 14 alkaline, among the 50 samples 


studied \ll the acid waters were believed to be collected either in the zone 


of oxidation or not far below the ground water table, while the neutral and 


alkaline waters were mostly found at dept! s He has shown with examples 
that, with increase 1 eptl ] the acidity of waters decreases, (2 the 
concentration of salts of heavy metals decreases, and (3) the concentratior 
of alkalies increases Phe mmon cations found in these waters are those 
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of Ca, Mg, Na, K, Fe, Mn, Al, Zn, and Cu. SiO, predominates in alkalin 
waters. Sulfate, bicarbonate, and chloride ions are common anions 

Except for the zinc, copper, and sulfate ions, the common constituents of 
mine waters ( particular] 


tho 


se from deep levels) are those of the average 


composition of the earth's crust, indicating the strong influence of the host 


rocks Among the common elements in deep-circulating waters, iron and 
to a lesser extent, manganese are most likely to be the elements that control 
the oxidation potential of the waters. This is because of the fact that their 
chemical species have oxidation-reduction couples whose potentials lie within 
the two stability limits vater The alkali and alkaline earth elements have 
only one state of oxidation in this range Sulfate ton can be reduced by 


bacterial action, but not through simple inorganic reactions in aqueous solution 
It is highly probable, therefore, that iron is the most important element im 
controlling the oxidation potential of deep-circulating waters 

The Eh values of waters at depth, however, are not readily inferred from 
the ferric to ferrous iron ratios provided by chemical analyses of mine waters 
alone \s discussed previously, the Eh value of an iron solution depends 
upon the pH value as well as the presence of solid phases containing tron 
In addition, the effect of mining operations must be considered, as in the case 
of direct Kh measurements with mine waters Hodge (26 noted a few 


examples of oxygen contamination due to this cause The present author 
observed in the mines of the Bisbee district that ferric hydroxide was actively 
precipitated from fresh waters coming out of drill holes. The precipitation 


was taking place along the walls a few feet below the holes. One approach 


to this problem might be to infer the Eh values for deep-circulating waters 


by assuming that (1) the waters are in equilibrium with their host rocks, 
? 


their Eh values are determined by the over-all equilibrium relationships 
among the chemical species of iron present in both the rocks and_ the 
solutions, and (3) the pH values are controlled by the mineralogical 
composition of the rocks 

Oxidation Potential Control by Iron-rich Minerals The iron in rocks 
venerally exists in the forms of silicates, oxides, carbonates, and sulfides 
Common host minerals for iron in igneous and metamorphic rocks include 
jlivines, pyroxenes, amphiboles, micas, chlorites, magnetite, hamatite, ilmenite, 


pyrite and pyrrhotite [ron-rich olivines are probably most reactive in oxida 


tion reactions among the silicates. Fayalite forms goethite upon oxidation 


Its oxidation potential may be given as 


Fe.SiO, + 4HO 2Fe(OH + SiO, (amorph + 2H + Zé, 


Eh = 0.513 — 0.0591 pH (8 
So long as a solution is in contact with fresh fayalite, its oxidation potential 
must be equal to or below this value Much more common than favalite in 
diverse types of igneous and metamorphic rocks are iron oxides Hematite is 


reduced to magnetite as 


; 


2Fe,O, + HO 3FeO;, + 2H* + 2e, Eh 0.221 0.0591 pH 9 
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Che presence of hematite in unweathered rocks gives the lower limit for the 
Eh values of deep-circulating waters in contact with these rocks. The oxida 
tion of magnetite to hematite may also take place at the above potential, 11 
the reaction is reversible. The actual potential required for the oxidation 
of magnetite could be higher due to the reaction mechanism involved In case 
hoth hematite and magnetite coexist in a rock, the Eh value of the solution 
long in contact with the rock would eventually approach the above value, the 
equilibrium with the two minerals being established \n interesting point 


with the potential of the magnetite-hematite couple is that most of tron 


bearing silicates tend to establish this potential in the presence of water 
(R. M. Garrels, oral communication Upon hydrolysis the silicates should 
vield ferrous hydroxide, which would gradually convert to more stable 


agnetite plus hydrogen association with time 
In sedimentary rocks, siderite, hematite, goethite and iron sulfides are 
common host minerals for iron. Siderite oxidizes to ferric hydroxide at a 
potential given in the following equation 
FeCO, + 2H.O re(OH + CQ. + Ht +, 


Eh 0.614 — 0.0591 pH — 0.0591 logPco 10 


lhe potential is dependent on the partial pressure of carbon dioxide of the 


solutior Locally high partial prssure of carbon dioxide may exist at 

depth for various geologic and biogolical reasons Near the water table, 
~~ 

however, it could be reduced to a value close to that for the atmosphere at 


1 


the ground level, namely 3 x 10* atm. Substituting this value in the above 


potential equation, we get 
Eh = 0.407 — 0.591 pH. 10° 


Siderite would le ultimately oxidized 


above this potential Hence, the 
presence of fresh siderite in rocks at a depth not far below the water table 
is indicative of an Eh value equal to or lower than the potential given by 
equation (10 The oxidation of iron sulfides will be discussed in a sister 
paper which will appear in this Journal, but it may be noted here that pyrite 

not oxidized at a finite rate below the potential for the siderite-goethite 
couple under the atmospheric partial pressure of carbon dioxide. Some tron 
sulfides other than pyrite and marcasite may be oxidized below this potential, 
thus contributing to the control of the Eh values at depth. Their reaction 


mechanisms as well as compositions are not well understood: hence they are 


Ranae f pH of Ground Waters 


he range pH for the weathering environment is wide = spread 
\ccording to Hawkes (26), the pH of the surface waters ranges from about 
$.5 to 8.5, and that soil lies between 4.0 and 9.0 In mining districts much 


lower pH values have been reported as the result of oxidation of sulfic 
I | 


minerals \ pH measurement for the sump water within a pit and for the 








vave the values 2.52 


leaching water of an ore imp, both in Bisbee district 
and 2.20 respectively \ pH value lower than 2 is very rarely reported 
however It is probably due to the fact that ferri hydroxide ( limonite 
generally remains in the oxidized zone until the last grain of pyrite is oxidized 
and consequently no more free sulfuric acid is produced, so that the pH is 
always controlled by the equilibrium relationship between the ferric hydroxide 
and ferrous or ferric ion in solution. Even when the entire iron in solution 
exists as ferric 10on and its concentration is as high as 1 molal, the pH value 
cannot be lower than 1.6 so long as the ferric hydroxide is in contact with 


the solution as indicated below 


Fe(OH + 3H? ke + 3H, pH 1.614 t log (ke** 11 


Even in an intensely oxidizing environment the activity of ferric ion rarel\ 
exceeds that of ferrous ion, so that the equilibrium pH values between ferri: 
hydroxide and ground waters with dissolved iron would be better expressed 
by the equation 


Fet*+ + 3HO Fe(OH); + 3H* + e, 


pH 5.96 - i log (Fe** 5.64 Eh 12 


With the increase in both the concentration of dissolved iron and the oxida 


tion potential the pH value decreases. Hodge (26) gives the value of 2.96 


grams per liter as the average amount of total dissolved substances for acid 


mine waters, in which iron occupies 6 per cent in weight Chis amount of 
dissolved iron corresponds to approximately 3.2 x 10° molal concentratior 
of ferrous ion. It suggests that 1 molal concentration of total iron would 
hardly be exceeded in natural waters 

\ typical basic environment is that of a limestone area The buffer 
action of calcite and carbon dioxide in natural environments have been dis 
cussed by Blumer (5), Hutchinson (29), and others. In the CaCO.-CO 
H.O system, the highest pH value is obtained when no external CO pressure 
is applied. The dissolution of calcite in pure water builds up CO, pressure 
up to a certain value until equilibrium is reached By using a method of 
successive approximation and taking (Ca (CO 0.5 x 10 and 
I (H CO HCO) 5x 10 Kolthoff and Stenger (35 


gave the equilibrium concentration of hydrox! ion as 8.83 x 10° mole per 


liter, which corresponds to the pH value of 9.95. Under the atmospheri 


partial pressure of CO,, the equilibrium pH value is considerably lower 
\ simple approximatior f the value may be made by assuming that most 
of CQ), is dissolved as HCO, ior In order to maintain electrical neutrality 

rH? + 20 Cat? OH + FCO + FHCO 13 
As [H* OH |, and [CO ire relatively small 


Car rHCO 13’ 





(Catt) (HCO, 
CaCO, + H (a? tj HCQ,-. AK, 
HH 
logA, 1.985, (14) 
(H*) (HCO, pa = 
CO, + HO HCO; + H*, AK, P . logk, 7.80. (15 
From 13’ and 14 
HCO V2KA,-(H* 


Substituting this value for bicarbonate ion in equation (15), we get 


Ky? - Peco 
2Ka 


(H* 


pH 4 [log2 + logK, — 2 logK, — 2 logPco 


5.96 log Peo (16 


Taking the value of 3 x 10° for the partial pressure of CO, in the atmos- 
phere at ground level, one obtains a pH value of 8.31 from the above equation 
contact with moist rocks and soils containing 
, the pH values are approximately equal to or below this value 
ordinary natural environments 


’ 


Where the atmosphere is in 


calcite Under 
the pH values of ground waters are not likely 


o exceed that of pure water-calcite system, since calcite 1s very common 
constituent of rocks, soil ind 


gangues Absence of calcite is usually due 
to the leaching by acids 


Hydrolysis equilibria of rock-forming silicate minerals could also contribute 
to the control of pH, particularly in the absence of carbon dioxide and 
carbonate ion species. Quantitative treatment of the 


involving 


acid-base reactions 
g complex silicate minerals is very 


difficult, however, owing to the 


lack of knowledge on the hydrolysis mechanisms for these silicates. The work 
of Stevens and Carron (54) provides an empirical basis for inferring the pH 
range of deep-circulating waters. They measured the pH values of milky 


suspensions of minerals prepared by 
Such “abrasion pH” values for about 
\n inspection of 


finely grinding the minerals in water 
280 mineral species were determined 
their data indicates that the abrasion pH values of common 

rock-forming silicates mostly fall in the range between 6 and 10. Since deep 
waters are long in contact with these minerals, their pH values 

are normally expected to fall within this 


underground 


range 


CONCLUSIONS 


Heathering Environment in Terms of Eh and pH The field data, 
experimental results, and the mechanism of oxygen reduction all point to the 
that the oxidation potential of an aqueous system should be at 
or above the pot ntial 


conclusion 


of the H.O.-O couple so long as a detectable amount 
ot lree oxvgen 1s present it th 


g he system. If the Eh of the system is below 














t] potentia ore em r availal id be w eciately consumed 
in the hdatiotr . tance the syste being itself reduced to ] vdrogen 
peroxide and further t vater When the Eh reaches the potential of the 
H.O.-O, couple, oxygen becomes compatible with the system so long as a 
trace of a catalyst of | rogen peroxide decomposition 1s present, because 
now oxygen goes through the le O, @ HO, O In this state, oxvgen 
ind hydrogen peroxide establishes a reversible equilibrium (metastable), and 
the ratio of the partial pre ré oxygen to the activity of hydrogen peroxide, 
I ether wit! pH letet the Ie} V f the syste is how! b 
equatt T if 


HO ©. + 2H 1 2 kh 0.632 0.0591 pH +- 0.0295 log Thr 


The activity of hydrogen pet ide is presumably very small At the bottom 
of the oxidized zone, most the dissolved oxygen is consumed so that its 
partial pressure should be very small It is unlikely, however, that the 
amount of unstable hydroger peroxide ever exceeds that of the stable oxygen 
from which it is formed The minimum ratio is very likely to be unity 
Accordingly, the minimum Eh value for the weathering environment must be 
the standard potential of the H,O,-O, coupl 


Eh 0.682 — 0.0591 pH 6 


\t the surface, the partial pressure of oxygen is approximately 0.2 atm 
The activity of hydrogen peroxide, on the other hand, is unknown except 
that it is probably very small The ratio of former to latter is arbitrarily 
chosen as 10° here l} gives the upper marginal value for the Eh of the 
veathering environment vritten below 


fe] 0.859 0.0591 pH 6 
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Kh-pH diagram as shown in Figure 9. The region which lies in between 
the two on the diagram represents the environment of the transitional zone, 
which is probably the site for supergene enrichment of sulfide minerals 


St’M MARY 


The geochemical environment of a natural system can be described 
quantitatively in terms of oxidation potential and pH, without requiring 
consideration of all of the numerous chemical factors that exist in nature 
In order to provide necessary field data for the study of geochemical environ 
ments of exposed sulfide ore bodies, field measurements in situ of Eh and pH 
values of natural waters surrounding ore bodies were carried out at four 
mining districts. The results in the zone of weathering indicate that the 
Eh and pH values for the weathering environment lie within a relatively 
narrow zone above the standard potential of the H,O,-O, couple An experi 
mental study on the oxidation of iron and manganese solutions by air showed 
a distinct change in the mechanism of oxidation, when the Eh values of the 
solutions reach the standard potential of the above cou le. Theoretical con 
siderations of the mechanism of oxygen reduction and the chemical behavior 
of hydrogen peroxide provide a reasonable explanation for the above field 
and experimental observations If oxvgen gas is introduced into a solution 
that contains heavy metal elements in lower oxidation states, these chemical 
species are quickly oxidized by hydrogen peroxide which forms as an inter 
mediate reduction product of oxygen. When the oxidation potential of the 
solution exceeds that of the H,O,-O, couple, the peroxide is catalytically 
decomposed by the heavy metal species. Oxygen becomes no longer available 
for further oxidation. Assuming an equilibrium condition, it is concluded 
that the value of oxidation potential for the weathering environment probably 
ranges between the standard pote ntial of the H,O,-O couple and the potential 
of the same couple taking the ratio of Po, / (H,O,) equal to 10° 

The field measurements with deep-circulating waters did not produce con- 
| 


usive results regarding the oxidation potential for the depth environment, 


( 
except that the majority of the measured potentials are lower than the 
standard potential of the H,O,-O, couple. In many cases, there were strong 
indications that oxygen contamination due to mining operations might have 
affected the Eh values of the waters on which the measurements were made 
\n attempt was made to specify the range of oxidation potential for the depth 
environment from a consideration of the oxidation potentials of couples in 
volving carbonate, hydroxides, and oxides of iron, iron being the most 
common element that occurs in more than one oxidation state in rocks. It is 
concluded that the value of oxidation potential for the depth environment 
probably ranges between the potential of the siderite-ferric hydroxide couple 
under the atmospheric partial pressure of carbon dioxide at the ground level 


and the potential of the magnetite-hematite couple 


~ 


From a consideration of the pH value at which goethite is dissolved and 


the average concentration of dissolved iron in mine waters, it 1s concluded 
that the equilibrium pH value for the Fe(QH),-Fe** (1M) system, which is 
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Eh dependent, may represent the lowermost value of pH for both the weather 
ing environment and the depth environment The fact that siderite in equi 
librium with ferric hydroxide also dissolves at the pH value thus defined 
supports the validity of the above statement. Considering the very common 
occurrence of calcite in various rocks, the uppermost value of pH is taken 


| 


is the equilibrium pH value for the calcite-water system without an external 
carbon dioxide partial pressure, which is approximately 10. This value also 
apples to both environments Che over-all relationships of the oxidation 
potential and pH conditions for the two environments are graphically presented 
above 
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ABSTRACT 


The Morococha mining district, 70 miles east of Lima, Peru, is a 
source of copper-silver-lead-zinc ores Prospecting guides to ore are 
derived from an understanding of the complex structural history of the 


district during the Andean orogeny and the control exerted by geologic 


1 
| 


structure on the localization of ore bodies 


[he stratigraphic section consists of the Permian Catalina volcanics 

the Jurassic Potosi formation of limestone Beginning in the 
(retaceous and extending into the Tertiary these rocks were folded 
broken by thrust faults, brecciated, intruded by dioritic and quartz 
monzonite stocks, and cut by oblique fractures. Metasomatic alteration 
accompanied igneous intrusion and ore depositior 

Ore deposits in the forms of veins, contact pipes, and mantos are 
localized by the interacting effects of structural development which pre 
dates, and, to a small extent, post-dates, hydrothermal ore deposition. Ore 
shoots in veins are controlled by dilation of the vein walls, proximity to 
contacts of contrasting rock types, mineralogical zoning about centers of 
ore muneralizatior ind depth below the surface. Intrusive contacts 
limestone alteration conta intersecting tractures are the dominant 


controls on the wall w oft the contact pipe and manto ore bodies 


INTRODUCTION 


Morococha mining district is 92 miles by road east of Lima, Peru 


‘ated immediately east of the continental divide (Fig. 1) formed by 
f the Cerro de P 
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the 
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Andes mountains, the district ranges in altitude from 14,350 feet to 17,360 feet 


producing copper, lead, zinc and silver 


Several mining companies are 
ores within the 12 square mile area of the district. The greater part of the 
production is from the Cerro de Pasco Corporation’s mines, particularly from 


the Morococha mine Chis mine is served by 
and is developed toa depth of 1,700 feet 


four shafts and several adits 


© 607. Aeneas 


y CRMMO OF PASCO 


MMARY OF THE GEOLOGY 


Stratiqgraph 
nce at Morococha consists of a basement of 


The stratigraphic seque 
This is overlain uncon 


Devonian (7?) Excelsior phyllites and quartzites 


formably by the Permian Catalina volcanics. Disconformably overlying the 
Catalina volcanics is the Jurassic Potosi formation, which in turn is con 
formably overlain by the Cretaceous Santo Toribio formation of sandstone 
with intercalated basalts. The Santo Toribio formation grades upward into 
the Middle Cretaceous Machay limestone. The Machay limestone crops out 
at the borders of the district and is overlain by the Tertiary red beds. Table 1 


summarizes the stratigraphic section at Morococha 
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K Mor JISTR 

4 a 
Cret S 1 ( Sandstones. bas 1,500 fee 
Jur “ Pot t Pp n Limestone lolomite - 1.500 feet 

Montero bes 
Pert t Cat ' . t . l) te, rhyolite ndesite 2.500 teet 
Mit 
I) Exce r = P “ zit 
iri ‘7 
Che structural history the district begins with the deformation an 


metamorphism of the Excelsior series prior to the formation of the Catalin: 
volcanics The Andean oroget beginning at the close of the Cretaceous 
ind continuing through the ertiary. further deformed the Excelsior series 
ind left its imprint on the erlving Permian and Mesozoic rocks 

Foldin In the Morococl region, folding during the Andean orogeny 
vate doma ple « that strikes N 25 W in contormity 
vith the general structural trend of the Andes in central Peru. The 
Morococha district is at the northern end of this domal complex 

Thrust Faultin North-striking thrust faults developed along witl 
ing in the district Pwo sucl ults, the Gertrudis thrust and the Potosi 


thrust, are known by their stratigraphic displacement Other thrust faults 


ire inferred from phvsiograpl evidence and from north-striking zones 
pre mtr Ive brecciat 1 

[nirw 7 Igneous intrusions followed the cessation of folding and thrust 
faulting Magma first intruded the rocks on the western side of the district 
forming a large stock of quart rite locally known as the Anticona intrusive 
The Potosi, San Francis« nd Gertrudis stocks, or the Morococha intrusive 

they are know llectivel re of quartz monzonite These stocks formed 
to the east of the \nticona intrusive Fig 2 The stocks are elo gated 
north-south and re distributed in an east-west direction 

Contact metasomatic alteration f the Potosi formation accompanied 
emplacement of the quartz monzonite stocks with the development of skart 
nd hornfe 

() pits Fractw n Resut ed compressive stress Was relieved by the 
levelopment of oblique fracture These fractures fort 1 complementary 

ten striki te the « t lippit oO steeply ind exhibiti y no; al ind T 
tr  ¢ 1p sale el ‘ , 

teration.—Hydrothermal solutions moving through the oblique 
ractures thoroug! tered the rocks and deposited the sulfide ore bodies 
Che intrusive rocks and Catalina volcanics are silicified and sericitize Four 
types of alteration are distinguished 1 the Potosi limestones: (1) recrvystalliza 
tion and dolomitization of the limestone 2) anhydrous silicate alteration 
1} | ’ 1 1 ’ ’ 


, ' 
representes VY Skar®ri t j rnie mMposed 1letly of diopside and tremolite 
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Folding z 
Thrust faulting 

Brecciation ond minor foultir 
igneous mtrusion 

igneous metasomatism a 


Vein fissure formation a 





| Hydrothermal alteration 


Ore deposition 


Fig 3 sequence of events m the Andean orogeny at Morocoche 


, ' 


deposition (Fig. 3 Karly thermal and igneous metasomatic alteration 
products were altered by later hydrothermal solutions 


Che distribution of the alteration products is a consequence of (1) the 


dominant alteration processes acting in a given place, (2) the original 
constituents and earlier alteration products of the Potosi formation, and 
(3) the folded and faulted state of the Potosi formation. In general, the 
marble is at the periphery of the district and is interlayered with the outermost 
hornfelsic horizons Che hornfels is widespread, extending more than 5,000 
feet from intrusive contacts, and is closer to the center of the district than 
the marble The skarn and the hydrated silicate rock are near to centers 
of intrusive activity. Pyrite, magnetite, ludwigite, and pyrrhotite are locally 
abundant. The anhydrite surrounds the Gertrudis stock below the 750 level 


and 1s located between the marble on the west flank of the major anticline and 
the silicated and hydrated silicate rocks to the east. Modifications in this 
generalized pattern are present and are probably related to the dominant 
physical and chemical controls active in any given zone of alteration 

The physical properties of the altered rocks exerted a controlling influence 
on the formation of ore bodies in the district. These properties are sum 
marized in Table 2 and are further detailed in the discussion of the oblique 
Iracture system 

Ore deposition The major economic ore minerals of Morococha are 
enargite, tetrahedrite-tennantite, chalcopyrite, galena, and sphalerite Sornite 
and covellite are abundant and widespread. Molybdenite is extensively dis 


tributed in small quartz veinlets in the San Francisco and Gertrudis stocks 
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Pyrite and magnetite are the ost abundant and widely distributed metalli 
minerals Pyrrhotite is locally abundant Qf minor importance are stern 
bergite, stephanite, aikenite, emplectite, scheelite, huebnerite, chalcocite 
famatinite, cubanite bournonite, greenockite, alabandite, hematite and 


arsenopyrite 
Ore bodies fall into three classifications according to their form. Vein 


ore bodies are tabular masses in the steeply dipping oblique fracture systen 
\Ithough ore minerals are distributed throughout the vein, only those parts 
that widen into ore shoots are mineable In veins less than one foot wide 
mineable grade is not attained unless the ore is exceptionally ricl The near 
surface parts of the veins are mineable for most of their lengtl \t depth the 
veins bottom in downward protuberances in small ore shoots isolated fron 
the main ore shoots Most of the ore shoots show a horizontal to vertical 
length ratio of 4 to 1. The ore minerals are mostly in open space fillings 


Replacement by ores is uncommor except where fragments of the host rock 
are a part ot the vein matter 


" ' ' 1 r " 


Pipe ore bodies are vertically elongate cylindrical masses of pyrite an 


copper ore minerals Most of the pipes are associated 


with intrusive contacts 
(contact pipes) or are in discordant relation to the bedding of the Potosi 
formation The ore minerals are disseminated in massive pyrite throughout 
the pipes, but, in places, a horizontal zonation is present where the outermost 
parts of the pipe are richest in ore minerals. Vertical zoning in the pipes 


is shown by the change from barren pyrite at the bottom through copper ore 


! 

to zine-rich copper ores near the top. The length to diameter ratio of the 
pipes is extremely variable and is generally in excess of 4 to 1. Open space 
filling and replacement textures are present in all of the pipes 

Mantos in this district are gently plunging pipe-shaped ore bodies whicl 
are accordant with the bedding of the Potosi formation \t Morococha the 
term “manto” has been applied to some ore bodies that are more properly 
classified as contact pipes The mantos are similar to the pipe ore bodies in 
their elongate cylindrical shape and vertical mineralogical zoning. In general 


the length to diameter ratio of the mantos ts greater than that of the vein ore 
shoots and pipe ore bodies Length to diameter ratios in the Churru 
Recuperada mantos are 12 to 1 and the remarkably persistent Ombla Mant 
has a ratio of 26 to | he horizontal sectional area of pipe and mantos 
ranges from a few hundred square feet in the smaller ore bodies to 75,000 
square teet im the Ombla Mant 

Most of the pipe ore bodies and mantos grade upward into vein structures 
Small tabular fin-like mantos extend from some of these vein structures 
Contact pipes adjacent to the Gertrudis stock are isolated from vein structures 

Depth and } rature f ©) Vineralization 

In the Morococha district, ore bodies extend upward 2,000 feet to the 

ground surface where the Catalina volcanics crop out. Ore mineralization 


the upper horizons of the Potosi formation represents a minimum total vertical 


extent of ore mineralizatior 3500 feet The Santo Torihio formation 1s 














not ore bearing where it crops out on the fringes of the district, an 
dence remains to indicate that it was mineralized over the center of the district 
If the assumption is allowed that the Santo Toribio and Machay formations 
were present at the time | re deposition, ther the thickness of the cover overt 


the deepest ore bode was 7,000 feet The thickness of any Tertiary 


formations that may have been present is unknown 

lo the west, i the udjacent Casapalea district ( Fig | . the veins cut 
the lower members of the Tertiary Rio Blanco formation. The lowermost 
mine level is 3,500 feet below the outcrop. McKinstry and Noble (1932 


p. 520) indicate that another 10,000 feet of the Rio Blanco formation could 


have lain above the present outcrop of the veins, but the depth of erosion at 
| | 


r 
the time of ore depositior unknowr The Casapalea ore deposits are 
classified as corresponding to the leptothermal depth temperature zone (7 


lhe mineralogical composition and texture of the Morococha ore deposits 


ire suggestive of Lindgren’s mesothermal depth temperature zone enargite 
chalcopyrite, and tetrahedrite are the dominant ore minerals in the central 
part of the district Minor quantities of molybdenite, chalcopyrite and scheelite 
in disseminations and small veinlets. Quartz, sericite, ankerite and rhodo 
site are the princi gangue minerals Sericite 1s widespread in the 
nzonite intrusives lhe ratio of sulfide minerals to gangue high 
itrast to the low rat prev uling In most epithermal! deposits Replace 
t textures dominate \lthough many of the ore bodies have been de 
sited a open space fillings the fine textures and = crustified banding 
iracteristic of the epithermal deposits are absent 


()re bodies adjacent to the intrusives are of the same mesothermal suite of 


ound throughout the district and are not pyrometasomati replacements 
OBLIQUE FRACTURE SYSTEM 

he oblique fracture system is transverse to the regional trend of the 
ded focks. Strikes range from N 65° E to N 60° W and dips range from 
N to 60° S. Some of the more steeply dipping fractures exhibit both 
north and south dips \s used here, the term “vein structures” is synonymous 
ith the term “oblique fractures.” These fractures are faults of small dis 
ements and apparently fall into two systems. Each system comprises two 

s [he northeast and northwest striking sets form one system, and the 
th and north dipping sets form the other system. The two fault systems 
share a give racture Le 1 particular fracture may exhibit 

racteristics of both systems by variations of dip and strike 

\ll rock types are cut by the oblique fractures except the anhydrite and 

he most ntinuous individual fractures are in the Catalina volcanics and 

San Francisco stock Here, the Cecilia Vein and the Manuelita Vein are 

h 3.200 feet long \ ntinuous fracture 5,800 feet long « xtending fron 
easter ntact the Catalina volcanics to the western contact of the 
Fr ricis stock ludes the la Paz 146 Vein and the san Francisco 

j Veit n the Potosi rmation are mostly less than 1,000 feet lon, 
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\ notable exception is the Cobriz: n 9, which 
and silicated rocks for 2,000 feet 


cuts thr 


The width of the vein structures 1 | 


anges from less than an inch to 20 feet 

lhe widest parts are related to dilation that accompanied normal 

ment Most of the ore bodi« in tl 
| 


wide 


fault move 


e oblique fractures are about 3 feet 


Most of the oblique fractures are post-intrusive. The Potosi formatior 


and Catalina volcanics contain both northeast and northwest striking fractures 


in equal abundance \ pre-intrusive age for some of the northwest striking 
fractures is indicated by northwest striking monzonite dikes and the 
paucity of this set in the Morococha intrusives 
a span of time, as shown by vaulted veins 
} 


relative 
The fractures formed over 
\ post-ore age of fracturing may 
e indicated by unmineralized fractures and post-ore brecciation 

Splits are narrow short fractures branching from the major oblique 
fractures Che larger splits are where the major oblique fractures change 
strike and the splits continue along the original strike direction. Where the 


major vein structures are closely spaced, small connecting splits are present 


The smallest splits are minor fractures of various attitudes bounding the 
major vein structure. Splits rarely cross the major vein structures 


Displacement 


isplacement can be accurately determined on 
lew oft the oblique Iractu > 2 irely 


is a set of reference points found in 
both vein walls generally present in the gouge and, in many 
places, several directi \pparent horizontal 
displacement slickens 


structures and ten 


il intersection of vet 
fault movement on most veir 
structures Some of vein relationships cannot be ex 
plained by normal fault n is concluded that reverse or strike 
slip movement 1s_ pre fractures al licatine sucl 


movement were seen by 


\ttempts to match minor | tures on opposite walls of the vein structure 
oncluded that minor splits and fractures not 
represented in both walls of the vein 


were unsuccessful and it ts « 


structures 


Faulting of vein ore bodies is not a serious problem at Morococh: 
three such cases are know1 ind the displacement does not exceed 2! 
Normal fault movement on San Francisco Vein 1 has displaced San Francisco 


Vein 2 twenty feet ‘ig. 4 Most of the slickensides in the gouge in Sar 
Francisco Vein inge down dip indicating, 1 dip slip component of motion 
nearly parallel and the intersection plunges 10 


isco Vein | between the offset parts ol Sal 
mineralization 1s coherent and unshattered 
other This sugvests tl ] 


iscending 


i¢ 
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a vertical distance of more than 700 feet. Slickensides in the fault gouge are 
strongly developed but randomly oriented so that the direction of absolute 
movement cannot be determined. As no drag ore is present in the fault, the 


relative age ol the fault is not clear 


ane \eve! 


Fig 4~— Vertical section, looking east, San Francisco Vem 2 offset 


by San Francisco Vem 


Pion, 3 level, Rectificedora 56 Vein disploced by fault 


The Rectificadora 5 striking N 60° E and dipping 65° north, is 


iffset by a fault striking N 5 W and dipping 70° southwest Che western 
segment of the vein is disp! | 25 feet to the southeast relative to the eastern 
segment of the n (Fis Near the fault, the vein increases in width 

a heavy dissemination of pyrite extends from the vein along the fault 


Sulfide minerals along tl ult are not crushed or fractured. The fault is 


considered te of pr g Consideration of a theoretical left lateral 


nal fault movement indicated that the western 
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segment of the \ ! ould |i I si Subsequent exploraty n proved 


this to be true 

Wall Rock Contr The physical properties of the various rock types im 
the Morococha di trict | ive exe rtecd control on the development ot the oblique 
lractures Che rocks m: ! der of decreasing ability to support 
well detined continuous 1 TORMOY ( atalina vol inl orococl l 
and Anticona intrusives vdrou lica rock, marble 
rock, and anhydrite Strong. well defined vein structures 

italina volcanics and San Francisco stock split into minor subsidt: 

and cdi : “ar at contacts wit! the | vdrated silicate rock 
fractures persist in the hy d silicate rock and none are pres 
anhydrite. Continuity along tl ke and f the fracture 
the harder, less plastic rock 

Theoretical Consideration iia} went of deformation 
Morococha district 1s horizontally directed east-west compression 
readily deduced from the regional north-trending folds and the early cle velop 


ment of north-striking thrus ul In addition to a system of compl 
mentary ' faults, a complementary strike-slip fault system may be 
expected to f nc is stress Sv The development of normal faults 
require lr f or stress axes to a vertical position 


\s normal faults ; miucl vident than strike-slip faults in the 


Morococha district, an | ion consistent with theory is required. The 


Col 

1) anisot 

pr yperties ) | within the 
fracturing hi u l_ and (3) plasty 
he ettect yf ( Ihysical proper 


1 
! 


la Iriction 


plasti rocks 


releve iter stresses 


fractures do 1 b precise li n to stress required by 
Mathematical ct of | g on the direction and 
f stress distributi pp. 160 to 17 hows that preexisting faul 
to diminish the . r tl f the fault and to inhibit the develop 
ment of more faults in the vicinity n p. 187) described normal 
faults in the Scottis! honiterous Ww re in dip from 67} to 72 degrees 
\ dip of 63 degrees is quoted by ul 5, p. 358) as most common among 
normal faults in val Id i ( normal faults in the Morococha 
district hav \ y iy ( y oy whit is more closely related to 
the yd f strike-shy ults ug that fractures 


Hwy 
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Elongation of the district in a north-south direction in response to east 
west compression provides a clue to the origin of the normal faults. Billings 
(2, p. 358) in describing the elongation of conglomerate pebbles parallel to the 

axes of Carboniferous sediments near Newport, Rhode Island, stated 
Under east-west compression the sediments were thrown into folds striking 
north-south, and thus the sediments elongated in that direction.” Although 


» linear elements indicating north-south elongation have been noted at 
Morococha, the development of normal faults (extension faults) indicates 
elongation in this directior 

(Anderson 15) related the formation of normal faults to rehef of 
pressure in ;¢ ontal directions \s normal faulting is the most recent 
manifestation of faulting at Morococha, it may be correlated with relaxation 
of stress generated by Andean orogeny 

The development of the structural geology of the Morococha district 
during the Andean orogeny followed an orderly pattern. Folding and thrust 
faulting in response to east-west compression were followed by igneous 
intrusion and rock alteration. The oblique fractures developed as a result of 
continued compressive stress and did not reach their maximum development 
until the relaxation of this stress 


With well ordered timing, hydrothermal ore fluids followed the completion 


of the ground preparatior Che oblique fracture systems and igneous contacts 
£ | | 


provided channels for the ascent and distribution of the ore fluids 


ORI CONTROLS 


For convenience in the discussion of ore controls, the district is divided 
into the western and eastern parts. Vein structures are the chief ore body 
types in the eastern part of the district and pipe and manto ore bodies are 
most abundant in the western part ol the district The two parts ol the 
district are divided at the western contact of the San Francisco stock at 
coordinate W2200 (Fig. 2 


ern Morococha District 


tern part of the district is shown on Figure 2 Ihe 
Catalina vol | the San Francisco stock are the principal rock types 


\t depth, the volcant rence is dominant because of its anticlinal structure 
and northerly plunge mtrols pertain to vein ore bodies in and ne 


these brittle rocks 


ar 


The veins are open spi fillings of enargite, tetrahedrite, chalcopyrite, 
galena, sphalerite, pyrite 
developed crystals growing into open spaces. The ore mineral break cleanly 
from sharply defined vein walls. Replacement of the wall rock is at a 


quartz, and barite. These minerals exhibit well 


minimum, especially in the Catalina volcanics; fragments of wall rock in 


the vein matter show partial replacement. Layers of gouge are parallel to 
the vein walls and are narrow with respect to the total vein widtl \s 
the discussiot lique fractures, normal fault mover 


ommonh present 





eq 


Oe no ee ee ee ee oe 
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Fig 6 omposite plan and longitudinal section of Lo Paz 146 Vein Ore shoots ore hatched Mi, Morocoche intrusive 
Hso, hydroted silicote citeration, and ¥ atalinge voicorwcs 


Dilational Control.—Control by dilation of the wall rock is demonstrated 
where mineralized vein structures widen to mineable widths. In most of the 


veins, the ore to waste ratio is relatively constant and mineability is deter 


mined by the amount of ore extractable from a minimum practical mining 


width 


] 


Veins are widest where they dip most steeply On the deeper mine levels, 


where ore shoots are interspersed with waste, the dilational control is most 


apparent. Figures 6 and 7 are of the la Paz 146 Vein and the La Joven 26 
Vein, both in the Catalina volcanics. The relation of ore shoots to the more 
steeply dipping parts of these veins may be seen by inspection of the composite 
level plans accompanying the longitudinal sections. Dilational control of ore 
shoots through normal fault movement is indicated 

Che detection of a dilational control of the ore shoots aids in predicting the 
location of new ore shoots. Levels in the Morococha mine are about 200 feet 
apart In the past, vein structures were not always tested by vertical explo- 


the drifts, even where small ore showings were 


ration above barren parts ot 
exposed In recent years, unsuspected ore between the levels has been found 
by raising in these old drifts. Where ore showings can be related to dilational 
control, the continuity of the ore is more readily estimated 

In places, the dilation control of ore shoots 1s too subtle for recognition 
by inspection of composite level plans and sections. In such cases, contouring 
of the vein surface (3) or the preparation of dilation diagrams from contoured 
vein surfaces (10) n id in prospecting. In those parts of vein structures 
close to the contacts of tl alina volcanics and the San Francisco stock. 





vershadows the dilational control « 
movement 


Contact Control {f the most effective controls on the 


oca 
of ore shoots im the aistri is contact control re shoots favor the brittle 


rock of the Catalina volcanics, Morococha intrusive, and silicated 


ilteration 
over the soft incompetent hydrated silicate alteration 
illustrate the localization of ore in the San Francisco Vein 6 and | 


a loven 
Vein at the San Francis . k 


and Catalina volcanics contacts. These veir 


are traceable only as irregular pyritized slips in the 


| adjacent hydrated silicate 


t 


alteration 


Contact ore { ol is lated to the ascent of the 


ontacts ne : Francisco 


Zor ot m~a {’ ind 





500 feet 


mposte pion and section of Le Joven 26 Vem Ore shoots are 
sshatched Mi, Morococha intruswe , Hsa, hydrated sikcate alter 


ation ’ stabnG voicamcs 
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the brittle rock mass the oblique fractures The ore fluids were 
guided into the oblique fractu by the damming effect of the relatively 


unfractured hydrated silicate rocks in contact with the stock and the volcanics 
Chlorite, as a gangue mineral in the veins, is found only close to the contacts 
Furthermore, the decrease in intensity of ore mineralization toward the interior 
of the San Francisco stock and the Catalina volcanics is regarded as evidence 
against the ascent of ore fluids within these rocks. Neither the San Francisco 
stock nor the other Morococha intrusives were the source of the ore fluids 
The obvious application of contact control to prospecting is to drive 
rosscuts within the intrusives and volcanics as close as possible to the 


contact 


Zoning Ci ( ung | distribution of the ore minerals may be 
present in ; | i¢ La Paz 146 Vein (Fig. 6) shows the 
change from copper ores to lead and zinc ores toward the eastern end of the 
vein (salena and sphalerite increase at the expense ol chalcopyrite and 
tetrahedrite Vertical zoning is shown where lead-zine ore overlies copper 

ir the center of the ven 


Yankee Vein 2 and Pipe ore body is a striking example of vertical 
1,200 |e » the 1,000 level, the copper ore is in a 

the ili volcanics contact lhe minerals are 

ilcopyri : 1 cl iM 1 I pward toward the 750 level pyriti 
ilicified hy | sil «ck is present. The vein is less sharply defined 
ind merges into a py hearing pipe ore body Che pipe persists up 
22 100 level, a lead-zin aring vein structure is 


r part | ! ) hody The galena an< sphalerite in the vein 
structure show a vertical and | al relationship to the central copper-bearing 
pipe 

Che zoning control on ore mineralization supports the view that the ore 
] 


fluids were guided upward along restricted channelways into the zone of 


fracturing Here they spread out into the oblique fracture system 


Prospecting is necessarily guided by the type of ore desired In the outer 
extremities of vein structures and at the periphery of the district lead-zinc 
ores are found Conversely, the centers of ore mineralization provide 
copper ores, ; heir ation is indicated by the mineralogical 


the ore body 


changes in 

Vein Interse ! if 1e extent to which vein intersections localize 
ore bodies varies wit! I \ rock In the western part of the district, 
pipes and mantos show a definite relation to intersecting fractures. In the 


eastern part of the district, in the Morococha intrusives and Catalina volcanics, 


no consistent e shoots is noted 


Few of the majo structures join or cross one another Most of the 
vein intersections ; wil splits branch from the main vein structure Some 
the splits { ire bearing away from the junction, some 
ire ore hearing ; uncti d some of the splits assume the character 
istic f tl main \ structu which in turn pinches out like a split 
Fracturing ved f rock 1 e acute angle of the vein junction is not 


extensive . notable n is the previously described fault junction 





Control Ni the vein ore bodies are barren below the 


The uppermost parts of the veins carry continuous ore mineralization 


ndependent of structural control except for contact control Che hydrated 


limiting factor on vein ore bodies throughout 

depth, ore shoots in the veins bottom with no 

apparent change wall rock or vein attitude. Where veins are in excess 

f 3 feet in width near tl urface, at depth they are mere cracks mineralized 

with quartz and pyrite low the 750 mine level there is a marked decrease 
in the total number and s gth of the vein structures 

\ few of the ore bodi bottom at relatively shallow depth (e.g., the 


Rectificadora 131 Vein) with no decrease in width. The structure is strong 


a full 3 feet in width, but carries only barren quartz and pyrite below the 


overlying chalcopyrite and tetrahedrite ore shoots 

Depth control on « mineralization in the Morococha district is primarily 
the result of a lack of suitable vein structures at depth. Clogging of parts 
of a vein structure by barren quartz and pyrite may have hindered ore 
mineralization in some of the veins. but this is a minor fact Another 
factor, the effectiveness of whicl ot fully evaluated 
chemical controls on the precipitation of ore minerals 

Pipe and ant bodies persist to greater dept! 


the distr: n do tl vein structure 


trict, as comps 
is accompanied 


in the silicated 


in economn 


lined with cry 


r oe placen ent 
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alteration lavers of the Potosi formation rake to the west in accordance with 
the westerly dip of the bedding The marble supports well defined vein 
structures in the upper mine levels, but it is not a consistently productive 
horizon at depth The vein minerals fill open spaces in the marble; replace 
ment is at a minimun \s in the eastern part of the district, the hydrated 
silicate rock is an unfavorable host for vein ore bodies The anhydrite 


alteration 1s devoid of vein structures 


Mant ore bodies ire low ilized at contacts ot the silicated rock witl marble. 


and with hydrated silicate rocl This is illustrated by the Toro Mocho 265 


Vein and Dante Manto The Dante Manto is in a silicated horizon at the 


hanging wall contact with hydrated silicate rock and plunges to the west in 


accordance with the steeply dipping contact The Toro Mocho 265 Vein, 
leading from the Dante Manto, is found only in the silicated rock Weak 


chalcopyrite and sphalerite ore in the vein merge into the rich enargite and 


tetrahedrite ore of the manto Below the 222 level, the ore grades downward 
into massive barren pyrite This ore body is unusual because enargite is 
rarely fownd in quantity far removed from igneous masses in the Morococha 
distri 

Intrusive Contact Control Vertical chimney shaped ore pipes are at the 
western contact of the San Francisco stock Chese ore pipes are in hydrated 


silicate rock at, or within 150 feet of the stock contact. Come or more ven 
structures extend from the pipes into the stock. Ore shoots in these vers 
are within the stock \bove the 750 level, the chalcopyrite and tetrahedrite 
are the chief ore minerals Below the 750 level, the ore disappears in pyriti 
brecciated hydrated silicate rock 

lhe most striking example of intrusive contact control is provided by the 
contact ore pipes associated with the Gertrudis stock. These ore bodies are 


in the form of discontinuous tabular ribbons up to 15 feet thick, which twine 


around the stock adhering strictly to the contacts Most of the pipes art 
massive ore bodies of enargite, tennantite-tetrahedrite, and pyrite \ small 


umount ot chalcopyrite ind sphalerite is in the uppermost parts of the pipes 


{ 


In places, the ore minerals are in heavy dissemination at the stock contact 


Short, narrow cracks in the wall rock contain ore minerals. but no veir 
structures are present In general, the ores are not vuggy, but, open space 


filling textures are shown by beautifully terminated crystals of enargite and 
tetrahedrite 

\bove the 400 level, the pipe ore bodies grade upward into vein structures 
Below the 750 level, anhydrite surrounds the Gertrudis stock and San Nicolas 
plug Che anhydrite in contact with the ore is coarsely crystalline and pink 
in contact with the Gertrudis stock, it is medium grained and dull white 

\s no vein structures are present in either the anhvdrite or the Gertrudis 
stock, the contact itself was the only channe Iway of ascent for the ore solutions 


lhe origin of these channelways is suggested by their position on hanging 


wall contacts of the stock wo possibilities of origin are considered: (1) the 
stock contracted as it cooled and settled toward the footwall leaving open 
spaces along the hanging wall, and (2) the ascending ore solutions were 


capable of dissolving their V1 hannelwavs in the anhydrite 
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Data presented by Hulin (6 Pp 5] on the coefhicient of linear expansion 


of granite 1s as follows 


Temperature range 20° + wo” ¢ 13.210 
150° ¢ wo” ¢ 18.010 
10° to GOO” 435 10 


If the Gertrudis stock began to crystallize at 700° C and cooled to 300° ( 


prior to ore mineralization, the linear contraction would be 0.43 feet per 100 
feet for every 100° C ter perature drop (On the 1.000 level. the stock is 


600 feet in diameter and should contract 10.32 feet through a temperature drop 
of 400° ¢ An additional 1.62 feet of contraction would take place in cooling 
from 300 to 150° C, a reasonable temperature at which ore mineralization may 
have ceased he width of the pipes range from a thin film to 15 feet with 
most of them less than 10 feet in width This agrees with the calculated 
width of open spaces formed by contraction cooling \ possible objection to 


this theory is in the timing of the anhydritization of the Potosi formation 


Evidence has been presented (9) showing that the anhydrite is younger than 


the Gertrudis stock \nhydrite in contact with an intrusive mass at tempera 
tures up to 700° C would expectably show evidence of recrystallization at 
the stock contacts Recrystallization of the anhydrite is seen only in contact 


with the ore pipes 


The second possibility, that the ore solutions were capable of dissolving 


their own channelways, does not explain the preterence of ore bodies for the 


hanging wall intrusive contacts over random distribution within the anhydrite 


complex Any open space available at igneous contacts, however, would 
provide the most logical path of ascent for ore solutions trapped under the 
structureless anhydrite Such an open space may have been provided by a 
small amount of contraction of the Gertrudis stock in the lower temperature 
ranges following anhvydritization The later ascending ore solutions were 
able to enlarge these open spaces through solution of the anhydrite 

The western side of the San Francisco stock has been thoroughly 
developed. The vein structures within the stock guided exploration to the 


pipe ore bodies early in the history of the district 

Prospecting along the contacts of the Gertrudis stock located the Gertrudis 
contact pipes. Unfortunately, these ore pipes have no vein structures to guide 
prospecting. In recent years, diamond drill holes directed at hanging wall 
contacts of the stock have been successful in finding new ore below the 


1,000 level 


Fracture Intersection Control—Control by fractures on the localizatior 


of pipe and manto ore bodies fall into three groupings: (1) intersections of 
} b 
veins in igneous contacts, (2) intersections of veins and altered limestone 


contacts, and (3) intersections of veins with other fractures 


The association of veins with contact pipes and mantos localized at contacts 


has been described above Although the primary control on these ore bodies 


is the contact, fault movement transverse to the contact promoted brecciation 


or zones of weakness SuSCE by the ore solutions The sf 
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zones of to the lowest level of mine development and have 
for the ascending ore solutions 


pipes and mantos has 
as illustrated 


| by the Ombla Manto 
manto above the 400 level is a network of 


weakness extend 
provided channelways 


rhe 


lractures 


localization of 


been effected by intersecting 


(Fig. 9). The part of the 


veins and is here referred to as 


and composite pion of f 


the Ombla vein 


zone. With increasing depth, the vein structures 
subordinate to the l 


} 


recone 
x 


plunging cylindrical mass « 
the 1,200 level, 


f sulfides 

persist only as small barren fractures in the 
The plunge of the manto conforms to the west dipping Potosi 
formation and coincides h the downward projection of 
thrust fault 


selow 
vein 


wall rock 


of the Gertrudi 
it 


iS 











ittered parts 
The Toro Mocho Contact Pipes 


unong others, illustr: . Phe ricl enargite tetrahedrite bearing pipes 


were mined down t 750 | selow the 750 level, widespread brecciation 


of the anhydrite complex, marbl ind quartz monzonite underlies the pipes 


ind dilutes the ore with w: he Riqueza 100 Ore Body also bottomed in 


breccias which s ittered id dilu | the ore 
Phe age of these breccias is clearly post-ore and their origin 1s the result 


} 


f solution of the anhydrite 0 lex by meteoric waters (Y 


HANNELWAYS 


he centers ot « 1" eral 0 ire in the San Francisco Toro Mocho, 


Gertrudis, Ombla, and nine blocks. The manto and pipe ore bodies 
are distributed from tl t Manto S 80° E through the Amistad Pipe, 


Vein 2 and o the Riqueza 100 Ore Body for a distance of 3,800 
south are the Gertrudis contact pipes, 

east and south trending lines 

The north-south line corresponds 


the Gertrudis thrust fault and the 


the easterly projection of the Ombla 


| ] 


rooted ore bodies along these lines, are 


San Francisco stock and the 
pipe ore bodies 


rising tron 


voces have bee n 


McLaughlin, Graton, and othe 


manto ore | 


fracture appears to have acted 
ilso expressed by the Geologic: 
‘ins. or more rarelv by pipe 
replacement ; but occasionally an ore body 
attitude is localiz y the highly fractured condition of the 
horizon rather tha y its favorable chemical character.” The 
here considered as tl ly that guided the ore to the veins 
evidence f{ his 1 follow Vein structures are only weakly 
rare al it tl lov | ls of pipe and manto ore bodies 
necessary to assume downward 
garded as the primary ore channels 
associated with the pipes and mantos 
re minerals is nes in contrast 
f pipe s 
the pipes (4) Mineralogical 


lso suggests that the ore 





precee Iinyv 
, — 


orogen 
the Moro | dis and I ‘ n | m” 1 tween the 
lization of ore d Sits | structural features ve following is a sun 


of the effects of folding, thrust faulting, brecciation, igneous intrusiot 


alteration, and lique faulting on ore localization \n understanding 


~ 


if the geological col n ore depositior provides a guide for continued 
prospecting in the 
Folding The anticlinoriu f the Morococha district is regarded as 


primary but indirect cor 1 on the ore mineralization. The distribution of 
the alteration horizons of the Potosi formation is the result of the early estab 
lished fold pattern Where the folds vielded to increasing compressive stress 


thrust faults developed which provided zones of weakness and channels of 
ascent for the later ore fluids The elongation of the intrusives in a nortl 
south direction and their position at or near the crest of the anticlinoriun 
represents a direct control by folding 

Thrust Faulting though the thrust faults are not hosts to vein ore 


hey formed nes f weakness, which localized pipe and manto ore 


; 


at intersections with the oblique fractures Phe Gertrudis thrust fault 


a strong controlling influence on the pipe and 


manto ore bodies to 


soutl of the mbl The d north of the ine connecting the 


~ 


iymbla Manto ar | fiqueza 100 » Body I: ly undcde veloped 


Here, lead-zinc-silvet , exposed in shallow 
leep | vel prospecting based on structural ore controls, has been done 
iation lr} . to which pre-intrusive breccias controlled the 
ization of intrusiv is obscured by post-intrusive and post-ore brecciation 


eccia control 1s indi 1 where a thick dike-like mass of quartz monzonite 


is adjacent to the westert itact of the Catalina volcanics. Breccias provided 


| 
tor boc oO f ] 3 re Body al d the ( hu ri 
Recuperada Mantos 


Post-ore collapse breccias, associated with the anhydrite complex, scattered 


liluted ore bodies 1 onta with them As these breccias ; of limited 


al extent low x © ot on the ore hoclte S Wi hour ra 
specting 
Intrusion us intrusives played a direct role in the localization of 


re bodies intrusive ntacts furnished channels for the ascending ore 
ir contact pipe ore bodies, especially where they are 
intersected by the oblique fractures. (Ore within the intrusives 


and 1s largely restricted the vicinity of the contacts 


The i! u | pla i indirect ré 


h thermal 


throug 
> 


} 
‘rracients 


( erTrtet 
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theation of tl ( formation produced brittle rocks supporting well defined 


iS 
] 


iteration of the silicated alteration and 


1 


vein structt 
anhydritization 4 | soft las rocks incapable of supporting strong vein 
structures hes vsical yperties determined the attitude as well as the 
strengt! le vein structures 

The distribution of these altered rocks controlled the locus of ore 
deposition. Contacts between the various types of altered rocks, especially 
where intersected by vein structures, provided zones of weakness amenable 
to replacement by the ore fluids. Prospecting by means of projected alteration 
contacts and vein intersections may find more ore in the western part of 
the district 

Obhque Fra j—The oblique fractures are the hosts for the vein ore 
hoche The extent of these fractures is regulated by depth in the mine and 


by horizontal lithologic variations of the district. The intersections of these 


> 


fractures with igneous contacts limestone alteration contacts, and the Gertrudis 


thrust fault provided direct structural control on the location of pipe and 
manto ore bodies 

Utilization of these guides to structural ore control aids in the designing 
ind evaluation of prospecting programs \lthough even the most ideal 
combination of geological conditions does not insure the presence of ore. the 
recognition of these conditions provides the most effective guides to ore 
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£FFERSON 


TRODUCTION 
Pune Jefferson City mine «ated in the northeastern part of the Mascot 
c distri Fig. 1), about 30 miles from Knoxville 
Development of the mine by The 


1953 


lefferson City zit 


New Jersey Zinc Company was begun in 


and production commenced in 1956. The mine is now the largest 


single producer of zinc concentrates in the district 


Pheories of the origin and depositional control of the Jefferson City- Mascot 
ores have ranged widely, 


reflecting the changing ideas in geological science 
\mong the early writings is that of Purdue (13) in which he points out the 
narrow stratigraphic limits of the ore, and the lack of igneous rocks in the 

speculates (13, p. 15) that as other 
in the area are structurally as favorable as the Knox but are not 
known to contain zinc, “it therefore seems probable that the zinc was deposited 


with the Knox dolomite a rather definite horizons in that formation.” 
Secrist (14 Pp 158 el: rated 


vicinity of the ore deposits Purdue 
formations 


on the origin of the ores, theorizing that 
igneous rocks of “Appalachia” by ordinary 


weathering processes and deposited in the accumulating Knox sediments in 
g 


the minerals were derived fro 


finely disseminated forn Ore bodies were then formed by leaching of this 
disseminated mineralization by circulating ground water, and precipitation im 
favorable locations 

The occurrence of zinc ores in brecciated rock was noted in the earliest 


reports but whereas Purdue 3, p. 16 
of compression during oroget Ulrich (15) interpreted the breccias as cave 
or sink-hole breccias * rest 


stated the opinion that the ore bodies were 


interpreted the breccias as the result 


restricted stratigraphicall pointed out that cave breccias were common 
at this horizon, particularly overlying the 


principal ore bodies, implying that 
these breccias were the 1 iT ire localizers 





the popularity of the theory of ground water 
f the stratigraphic restriction of the ore 


work of Oder and Miller (8), became 
il theory was apphed to these 


; 
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stratigraphi 
I The hvdrotherm 
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The Jefferson City-Mascot district is in the central part 
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Fic. 3. ( oarse dolomitized limestone breccia. Beds above and below are 
undisturbed. Well-mineralized, though light yellow sphalerite is hardly discernible 
in photograph. Area of face about 12 feet wide by 10 feet high 

Fic. 5. Vug-filling sand. Colloform sphalerite lining former void. Note 
grains and fragments of sphalerite and dolomite incorporated in sand Attitude of 
laminations parallels country rock bedding 
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l ypical ore bodies of the replacement type consist of masses of completely 
lolomitized limestone with abundant sphalerite and white coarse-grained 
gangue dolomite permeating the mass. Replacement textures of sphalerite in 


rse crystalline dolomite rock are common. In addition, bands and lavers 
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Scale in feet 


FIGURE 4 U Bed stopes, Jefferson City mine 








{ sphalerite up to several inches thick are 
open ground. 


common suggesting deposition in 


(he margins of the replacement bodies are marked by an abrupt change 
from dolomitized limestone to unaltered 


limestone. The actual contact is 
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limestone — still 


extend 


parallel sho 
t openings the 
Brecciation accot panied and follo 


broken and disonente: 


ine map (Fig. 4 is shows an elongated network ¢ 
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(quoted by Oder and Hook, 9, p. 78), wh 
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nineralizing process 
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less interconnected through hundreds of cubic feet of rock. Most exposures, 
however, are a foot or less in each dimension. Contortions and warping of 
the bedding are common in small exposures but in the larger exposures 
bedding is remarkably regular. The sand is clearly post-ore in age. The 
sand and included material indicate that deposition of the sphalerite in vuggy 
dolomitized limestone was followed by brecciation and then deposition of the 
sand. The sand has not been found brecciated nor cut by later fracturing 

rhe sand is believed to have been formed by the grain-by-grain release 
of particles of dolomite and sphalerite by late solutions that were capable of 
some intergranular solution. The material was held in suspension until 
deposited in the masses now visible. The source of the sand-material was 
nearby, for the color and composition of the sand are dictated by the 
surrounding rock. 

The most significant observation with respect to this sand is that the 
laminations are parallel to the strike and dip of the country rock. It is not 
always possible to determine this with certainty as most exposures are too 
small and in these smaller masses the original bedding is commonly slumped 
and contorted, but in the larger exposures it has been repeatedly established 

The parallelism of the bedding of the rocks and the sand laminations 
indicates that the rocks were horizontal when the sand was deposited. The 
sand is post-ore in age, and thus it follows that the ore was deposited prior 
to the tilting of the rocks. The sand provides a means of dating the em- 
placement of the ore relative to the deformation of the country. The com 
monly accepted date of the mineralization is post-Appalachian orogeny, but 
the evidence of the sand indicates that ore deposition is much earlier 

Pebble’ -filled Vugs——Mining in the replacement-type ore horizons 
frequently exposes vuggy ground. The vugs are normally small, on the order 
of a few inches in longest dimension, but the rock immediately adjacent is 
generally very porous with many small openings. The vugs are always in 
dolomitized limestone, never in limestone, and are lined with crystals of 
sphalerite and dolomite. Many of the larger vugs contain fragments of 
sphalerite or dolomite rock that are loose or only lightly cemented together 
Chese fragments in some instances nearly fill the void. <A peculiarity of the 
fragments is that they are generally rounded and their surfaces are highly 
abraded (Figs. 7, 8) he vugs and “pebbles” most nearly resemble the 
effects that would be produced by tumbling fragments in a small mill. The 
fragments are abraded, not merely corroded, and the scars on the vug walls 
also indicate that physical abrasion was active 

The fragments are as much as a few inches in diameter. When cracked 
open the sphalerite “pebbles,” which are more rounded than are the dolomite 
fragments, exhibit radial crystalline growth, indicating that the shape of the 
mass was more or less round from the beginning. Possibly they originate as 
sub-spherical masses growing from a projection within the opening, are later 
loosened from their seat by solution or physical breaking, and then are free 
to roll around and abrade themselves and the walls of the chamber. The 


abrasion, however, has accentuated the rounding and has removed the pro- 


truding crystal forms and in some places has even produced a dull polish 
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Fu 7 Pebbles” of phaleri and dolomite in vug in coarse crystalline 


dolomite 
Fic. & arge “pebbles” of sphaleri ré vugs in coarse crystalline dolomite. 


The vug walls are likewise abraded in places. It is apparent that the abrasion 
of these fragments has taken place later than the emplacement of the sphalerite 
and dolomite crystals. Coarse dolomite crystals have been deposited on the 


sphalerite crystals and both have been abraded 


SEDIMENTARY FEATURES 


Reefs In the limestone horizons, particularly in the U bed, occur masse 
of banded dark and light gray coarse dolomite, surrounded on top and sides 


by limestone ( Fig. 9 Phe alternating dark and light bands within the body, 
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seldom more than slightly rotated. Chert beds though disturbed, can usually 


be traced across the breccia mass into undisturbed rock in the stope walls 
These facts argue against a cut-and-fill structure such as stream channel or 


coarse dark dolomite of the reel ma 


rounded by limestone No | sphalerite cap Tape is extended about 
10 bi l T 1 ntary brece i oT Tig 


cross-cutting 





The breccias are believed to be sedimentary structures related to the 
deposition and diagenesis of the limestone. The matrix material draped 
around blocks and fragments of rock, and filling fissures in the underlying 
bedrock is identical to the core’ rock of the reefs In fact, the coarse 
matrix breccia mass seems to be the fullest development of the reef structure 

Fine-Matrix Breccia lwo large bodies of sedimentary breccia have been 
encountered in the mine, and similar bodies are known in other mines of the 
District Che breccia consists of fragments of fine dolomite ranging in size 
from an inch or so to several feet in diameter, held in a matrix of fine 
dolomite (Fig. 10 There is crude stratification in the matrix material but 
hedding is generally strongly warped and locally draped around fragments 
Sand grains and chert fragments are common locally in the matrix. Shaly 
material is present locally. The matrix ranges from gray, through shades of 
green, and locally red. Coarse crystalline dolomite fragments have been 


found only rarely Where they have been seen they have apparently moved 


only a very short distance Limestone fragments have been found only near 
the base of the breccia bodies 

In many exposures the dolomite fragments, owing to characteristic colors 
and textures, can be positively identified as to bed of origin. In every instance 
the fragment has originated from a bed above the point of observation, in 
some cases more than 50 feet higher 

The breccia bodies appear to be long (hundreds of feet) relative to their 

ss-section dimensions (tens of feet). The walls of the bodies are irregular 
but steep in cross section and generally straight in plan. Where the bodies 
crosscut limestone the contact is marked by shaly material derived from the 
shale partings of the limestone The shale is strongly contorted, and the 
adjacent limestone shows evidence of flow At a few localities the limestone 
has been dolomitized at the contact zone, but generally the limestone 1s 
unaltered chemically 

lhe breccia bodies encountered in the Jefferson City mine terminate 

wward in the U bed, though in other localities they apparently extend to 

ver horizon (G. C. Ruskell, personal communication The base of the 
bodies is marked by irregular dike-like masses of breccia from an inch to 
several feet in width filling fissures in the limestone \t and near the base, 
there is generally considerable limestone in the breccias, consisting of sub 
angular fragments that are obviously not far from their original position 

These breccia lies are believed to be of sedimentary origin. The shape 

the hodte © P ‘ . | 1 


t hodi sts st walled channels filled with rubble from the walls, 


cemented in ; alv an andy dolomite sediment. The virtual absence of 


limestone and of coarse-crystalline dolomite in the bulk of the breccia mass 
suggests gradual solution and erosion that dissolved these materials. Under 
cutting of beds of les luble { dolomite may have caused them to break 
and fall into a devel 

Other interpretati f these breccia masses have been made They are 
probably similar 1 hose interpreted by Ulrich (15) as cave or sink-hole 


breccias. One theory \. D. Hoagland and Johnson Crawford, personal 
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mmunications ) would relate the caves to an ancient land surface correspond- 

to the unconformity between the Lower and Middle Ordovician 

Some features of the matrix material suggest flowstone but one difficulty 
is that the matrix material is dolomite, not calcite. It would seem difficult 
to convert the “flowstone” to dolomite without also dolomitizing the enclosing 
limestone. No stalactities, stalagmites or other “cave formations” have been 
found. If these breccias are assumed to occupy ancient caves, a more accept 
able explanation of the fine-grained matrix, with irregular sandy beds, local 
shaly layers and crude stratification is that this material represents an original 
muddy deposit washed into the developing cave 

Chis type of breccia is known as “dry breccia” in the district because it 1s 
ordinarily barren. The only places where it is ore-bearing are where the 
breccia mass is cut by later fractures that are filled with sphalerite and gangue 
dolomite 

\s an indirect ore control, however, the breccia appears to be of 
considerable importance in two locations discovered to date. Immediately 
adjacent to the breccia masses, but not co-extensive with them, there is a zone 
of strong fracturing and some faulting of small displacement. This fracture 
zone extends through the stratigraphic section for as much as 100 feet and 
in some places is mineralized through its extent, forming ore bodies of con 
siderable vertical dimension but lesser horizontal extent. Owing to the 
limited mining of these ore bodies to date, structural relations are not clear, 
but it appears that the sedimentary breccia mass, forming a discontinuity in 
the section has localized fracturing and faulting and indirectly provided a 
locus for ore deposition 

Dolomite-—Dolomite of many types of origin is found in the environment 
of the orebodies. Several of the beds in that part of the stratigraphic section 
normally involved in mining are fine-grained, light gray dolomite, which is 
locally termed “primary” or “syngenetic’” dolomite. Conspicuous in_ the 
vicinity of ore is the coarse-grained dolomitized limestone known in the district 


as “recrystalline.”” Intermediate in grain size between these two are beds 
| medium crystalline dolomite Gangue dolomite accompanying and follow 
ing the sphalerite mineralization is common, and late tension cracks cutting 
mineralization and country rock alike are filled with dolomite. Dolomite 1s 
ubiquitous and it is difficult to decipher the relations and the significance of 
the various types and ages of dolomite 
Che fine-grained dolomite beds of the Kingsport are found principally in 
the upper half, but a few three to five foot beds are encountered in the lower 


half. They are noteworthy for their great lateral extent in comparison with 


their thickness. Generally the beds are medium to light-gray, although a few 


ire conspicuous by their dark color The colors and textures of these beds 
are remarkably consistent through their occurrence. They make excellent 
key beds. Many of the ls contain faint wavy lines that seem to represent 
former shale partings, all but obliterated Mottling is common and is 
generally distinctive of individual beds Some beds are characterized by augen 
wr patches of white dolomite several inches apart and up to an inch in 


diameter Sand grain beds are common, especially at or near the base of 
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the beds Certain of these fine grained dolomite beds are characterized by 
distinctive chert The chert occurs as discrete nodules arranged parallel to 


bedding or as continuous beds, up to a few inches in thickness and with smooth 


or irregular contact surfaces 


These fine-grained dolomi Is are considered primary or pene 
contemporaneous dolomite, although the recognition of strictly primary 
dolomite, precipitated as such from the sea water, may not be possible secs 
of fine-grained dolomite containing mottlings and faint banding suggestive of 


former shale partings and sedimentary structures are more clearly altered 
limestone beds, but the alteration seems to have been very early and probably 
penecontemporaneot with deposition (cf. Cloud and Barnes, 4, p. 91-94 


Their great lateral extent and their occurrence interbedded with larg« 

thicknesses of limestone is suggestive of slight but widespread changes in 

depositional conditions that produced fundamental differences in the sediments 

Che common occurrence of sand grains at the base of the fine-grained dolomite 
he indicative of hanged environment of deposition 


oarse dolomite clearly a replacement of limestone Bedding, shale 
partings, and chert horizons can be traced from unaltered limestone across 


isses of coarse dolomite and into unaltered limestone The contact zone 


hetween the coarse dolomite and limestone is ordinarily marked by stringers 


ind veinlets of dolomite extending into the limestone, utilizing stvylolites, tiny 


cracks, and other minute openings in the limestone for access. The network 
] £ 


 dolomitization becomes less distinct until within a foot or two from the 
main body of dol limestone ts unaltered In some places at the 
contact of limestone and dolomite a concentration of dark shaly material up 
to an inch across is found rhis apparently is the residue from the stylolites 
and shale partings, moved ahead of the advancing dolomitization 

The coarse dolomite is generally mottled or speckled in appearance, the 
larger grain size and colors of different particles combining to give a distinctive 
texture. Spots or augen of white dolomite up to 1 inch across with a dark 
line at the base are common and where found generally formed parallel to 
bedding his dark line may represent impurities of the original limestone 


which were ejected ystallizing dolomite 


ved to be of late diageneti orivin, the coarse 

lomitization proceeded slowly In comparison 

wides] fine-grained dolomite, the coarse dolomite occurs 
networks within the limestone beds The extensive study and 


ie Kingsport in recent years has shown that coarse dolomutization 


uch wider in extent than ore deposition or tectonx 


e limestone. is believed to be 


lomitization oft th 


I 


Deposits lready menti d, theories 
gin have rang from limentary to hvdrothermal over the vears 


changing with t iccumulati f data and with the changing ideas in 


yew 


logical sclence \lississippi Valley type deposits, to which type the Mascot 


Jefferson City trict belongs, present unusual difficulties in interpretatior 


ind understat dit iF I mportant pape rT Ohle ( 12 


has summarized the 
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prevailing ideas and pertinent facts, emphasizing the characteristics common to 
Mississippi Valley-type deposits in order to arrive at a unified theory of origin 
It is evident from his study that the evolution of ideas seen here has take 
in nearly all of the districts of similar ore deposits. No theory has yet 
advanced that a ints for these deposits satisfactorily 
he hydrothermal theory, postulating mineralizing solutions arising from a 
localized source and depositing metals in favorable loci within the host rocks 


has considerable appeal. Such an origin is demonstrated in many districts of! 


the world, and several of the features of the ore deposits at Jefferson City 


such a t The migration of sphalerite into fractured | 


grained dolomit ds; 1 nd-filled vugs and “pebbles” of sphalerite 


‘founder” breccias the product 
thermal solutions 

Some facts n difhicul te explain by the hvdr al theory 
however, a the remarkab! ratigraphic restriction of the o the simple 


deposition, and the lack of apparent inlets 

il horizons of identical lithologic types 1 

ommercial production has come fror 

rt-Longview sectior Extensive geochemical 

restriction Permeability and porosit 

arse crystalline I ni vith rela 

host roch wlow the 

horizon tl re many « s of identical beds Copper 
hepultepe 


limestone was produ ed 


lifficult to understand why 
lowest permeability was select for alteration and mineralization 
properties such inherent ability to change to recrystalline’ 
892 upon to explain the stratigraphic restrictis 
lack of inl for the migration of hydrothermal solu 
depth Is cause ti son mb ‘ ! it to the hvdrotherma 
prominent Rocky lley thru fault would seem to be an obvious access, vet 
recent drilling totalling il hundred penetrations of this fault plane and 


issociated fractured and urbed ground beneath the fault has 
evidence that the fault is mineralized or is a likely acces or migratin 


Oder . F 5 belie t Rock Valley ault may lhe 


con plete 


hvdr 
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very early age of the mineralization, permit a theory of origin related to the 
sedimentation \n obvious source of the zinc is the sea 

Work recently published by Krauskopf (7) suggests that zinc is easily 
removed from sea water by absorption, especially by organisms. The enrich- 
ment factor for brown algae is 400-1400 times, and the average enrichment 


> 


factor for 9 marine animals is 32,500 (7, Table 9). Other workers, notably 


Cannon (3, p. 161) have reported that algae have the capacity to absorb zinc, 
concentrating it by a factor of several hundred times. She believes that the 
widespread zine in the Lockport dolomite was precipitated from sea water 


containing uncommon amounts of metal “An unusual source of these 
elements, perhaps of volcanic origin, is implied” (3, p. 162) 

I-xtraction of zinc from the sea by marine organisms suggests the reason 
for the purity of the mineralogy of these deposits: preferential absorption 
could be highly selective. Subsequent conversion of the zinc from ion or 
organo-metal complex to zinc sulfide could be accomplished during burial 
Che temperature required is probably easily produced by compaction and 
burial 

\ simple syngenetic origin of these deposits explains the cyclical repetition 
of ore horizons with repeated lithologic types within the ore-bearing formation 
more satisfactorily than the replacement of “favorable beds” by hydrothermal 
solutions. It would also account for the absence of “inlets” and it might 
explain the sphalerite cap over the reefs Several difficulties must be 
acknowledged It cannot account for the migration of ore into fractured fine 
dolomite beds above the ore shoots in the limestone beds. It is also difficult 
to understand the restriction of the mineralization to the district while the 
Kingsport sea, depositing sediments identical to those found within the 
district was spread over hundreds of square miles. In any case, deposition 
of the ore was apparently early, for the evidence of the vug-filling sand points 
to deposition prior to the tilting of the country rocks. Indeed, some geologists 
(Oder, 10, p. 53; Stuart Maher, personal communication) reasoning from 
field evidence in East Tennessee mining districts, believe ore deposition was 
completed prior to Middle Ordovician time 

Chere is little doubt that the sedimentary characteristics of the Kingsport 
Longview beds have exerted a strong influence on the deposition of the ore 
Chere is some suggestion that the ore is of sedimentary origin, but the presence 
f fracture-filling ore in overlying beds requires modification of a sedimentary 
ore bed by later hydrothermal (though not necessarily hypogene-derived ) 
activity 


New Jersey Zinc 
JEFFERSON City, TENN 
September J], 1959 
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Extensive artificial exposures revealed in the Peter Mitchell open pit near old 
Babbitt were also available for detailed study Che writer is further indebted 
to the Reserve Mining Company for providing the Minnesota Geological 
Survey with three new deep drill hole cores, each of which yielded the com 
plete or nearly complete stratigraphic sequence present in the Eastern Mesabi 
district. This study was supported, in part, by the Reserve Mining Company 
Research Fellowships for the years 1955 to 1957 and, in part, by the Minnesota 
Geological Survey, Dr. G. M. Schwartz, Director. 

The Erie Mining Company, whose current taconite mining operations are 
west of R 14 W, also generously permitted the writer to log and sample core 
from an important drill hole located nearly one half mile east of the abandoned 
town of Mesaba 

The writer particularly wishes to thank Professors G. M. Schwartz, J. W 
Gruner, and S. R. B. Cooke of the University of Minnesota for their active 
participation and personal encouragement throughout all stages of the study 
of the geology of the Eastern Mesabi district 


Previous Work.—The stratigraphic position and stratigraphy of the Bi 
wabik iron-formation has been discussed in detail recently by several authors, 


notably Gruner (5), Grout, et al. (4) and White (8 They have reviewed 


and discussed the numerous earlier classical papers concerning the general geo 


logic features of the Mesali range The papers ot the authors listed above 


should be consulted for specific information and bibliography of the Mesabi 


range im general 
Broderick (1) and Grout and Broderick (4) have made significant con 


tributions to the interpretation of the geology of the Eastern Mesabi district 
They made a detailed surface study of the entire area in 1917 shortly after 
] 


an extensive forest fire had revealed excellent exposures of outcrops in the 


district. Some small open development pits and core from several drill holes 
were also available for their inspection. The writer was extremely fortunate 
to have had the original field notes, sketches, samples and thin sections of 
these earlier workers available to hin 

During the early phases of the study, reference was not made to previous 
stratigraphic investigations of the Biwabik iron-formation. Instead, pit ex 
posures and the core from many drill holes were studied in an attempt to 
find as many recognizable stratigraphic units as possible The resultant 
column presented in this paper is similar to that already proposed by Broder 
ick (1, p. 444) and Grout and Broderick (3, p. 17), except for minor differ 
ences in the overall thicknesses of some of the stratigraphic units. Because 
of this close agreement and easy correlation between units, as well as the ideal 
conditions under which they worked, the earlier geologic map of Grout and 
Broderick could not be extensively improved upon and only minor changes 
in thei map have been mace 

Present Wor \lthough many natural outcrops and some strata ex- 
posed by surface stripping ot glacial drift were studied, most of the geological 
interpretatior thi a was based upon features present in numerous drill 
core specimet nd ificial exposures of the iron formation in the Mitchell 


pit 
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Fy » Generalized geologic map of the Eastern Mesabi district. Minnesota 


The Biwabik iron-formation on the Eastern Mesabi range is subdivided 
22 submembers, usually called units herein It is not intended that the 


below should serve as a substitute for the units proposed 
proj 


into 
submembers describe: 


by Grout and Broderick or the more commonly used Slaty and Cherty mem 


ber terminology of Wolff (9, p. 142). The proposed column is in a sens« 
academic in that some submembers are only subtly different from one an 
other. The submembers are recognized primarily by the distribution of mag 
netite which most commonly occurs in some sort of lavered arrangement of 
grains, especially as lamellae and thin beds. In this paper, the matrix i 
which the magnetite grains are distributed, as well as the interbedded non 
magnetic layers, are always understood to be quartzose. In most submembers, 
however, the magnetite- and quartz-bearing layers commonly contain traces 


to appreciable amounts of silicates whose distribution will be discussed in the 
descriptive text of each submember. In some places, the presence of a quartz 
ose or silicate-rich matrix helps to distinguish between adjacent submembers 
Some of the magnetite-rich layers are uniform in thickness but other lavers 


commonly pinch and swell laterally Some individual layers are regularly 
bedded and subparallel to one another and others are irregularly bedded and 


thus have a ‘wavy’ bedded aspect Magnetite-rich pebbles of intraformational 


conglomeratic beds and magnetite-rich quartzose granule structures (described 
below are also striku uy lithe log features of the quartzose lavers of many 
submembers of the formatior Upon close inspection, nearly every type of 
magnetite-rich structure or laver can be found in most of the submembers 
Fortunately, however, the lithology of a given submember can usually be 
recognized by its homogeneity or dominance of a particular distribution of 
magnetite and silicate layers within it. Some submembers are even recog 


‘ nized yw their characteristi heterogeneity Most of the contacts between 
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[] } [ Dl 
the submember are gradation | ind henes ave often been located sub 
jectively 
GEROLOGK Si rING 


Che chronologic and stratigraphic sequence in northern Minnesota is best 


summarized in Table 1, as adapted from White (8, p. 3) after Grout, et al 


(4). Of the many stratigraphic units listed in that table, only the Biwabik 
iron-formation of the Animikie group, as it occurs on the Eastern Mesabi 
range, is discussed in detail below Che distribution of the rock units occur 


ring on the Eastern Mesabi is shown in Figure 2, modified after Grout and 
Broderick (3) 


Although somewhat complicated by minor folds and faults, the gross struc 


ture of the Animikie group of sediments is simple The contact between the 
Giants Range granite and the Animikie group of sediments appears to be a 
nonconformity that has been slightly modified by 


metamorphism. The 
Biwabik iron-formation is conc 


rdant with the Pokegama and Virginia forma- 


tions, and from the few contacts observed, it appears that these formations are 
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formations essentially follows the elongate 


formation seen in the generalized geologic 


ition is too thin to be clearly presented on this 


it occur along the northern outcrop limit of the 
ear old Babbit he dip of the Animikie sedi 
ibout 30 degrees, mostly about 10 degrees, to the 


structure of the Duluth gabbro in the region of 
and dips 
truncates the iron formation 


the lly 


probably 
tneast near where 
] the 


it 


wever,r, that floor of gabbro loca 


‘TS RANGE GRANITI 


along the northern 
k iron-formation, especially near the former town 
ite was also encountered in a few drill holes 

rock 1 


s a pink-white, porphyritic, (hornblende 


lral to subhedral phenocrysts are pink silicic feld 
that commonly exceed 4 inch in diameter. The 
se laths are clear to milky white but are locally 
tures of silicic feldspar. Neither feldspar shows 
undaries but seem to pass somewhat indistinctly 





into a fine-grained, biotite-rich quartzose matrix Much of the biotite is 
segregated into clusters that are mainly interstitial to the feldspar grains but 
in many places thin streak f biotite almost completely surround the smalles 
1 to 3 mn grains of tl feldspars In some place s, the biotite is epre 
gated into veinlet-like streal ind small tite-rich schlhieret Some cores 
how pronounced gn ition 

The spee ens ¢ ‘ thin section do not show a simple igneous 
texture: instead the | fabrics ore closely associated with hybrid or 
partiall etase itize one rocks The orthoclase phenocrysts are cor 
monly clouded and subhedr shape but their borders are irreg n detail 
The plagioclase grait ut Ar ire both poikilitically enclosed within 
the larger orthoclase cryst r form a granoblastic-like groundmass along 
with quartz and orthocl These minerals also show irregular to nearly 
sutured grain boundari Locally the plagioclase laths have cloudy and 
altered cores with clear or fresh-looking rims but the grains do not show 
primary compositior ning. Locally both feldspars have altered to a 
cloudy white material (kaolin?) and white mica (sericite ? Some plagio 
clase grains appear to be ghtly saussuritized in some localities but in thin 
section these grains are seen to have been partially replaced instead by green 

nd some brown) biotite and secondary chlorite 

he mafic minerals of the granite are typically segregated. into numerous 
small clusters of grains that are essentially interstitial to the feldspars and 
quartz. The most abundant ones are green and brown biotite both of whicl 
commonly contain mar trong pleochroic haloes caused by minute, radio 
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active zircon grains. In most places both biotites are partially altered to 
chlorite (penninite). Minor amounts of green hornblende are present and in 
some places this mineral exists only as remnants within locally abundant bio- 
tite. The accessory minerals zircon, apatite, sphene, magnetite and ilmenite 
(with some secondary leucoxene) are commonly found in the mafic mineral 
clusters 


A cursory examination of the granite outcrop areas seems to support the 


common belief that the adjacent sediments of the Animikie group were de- 


posited nonconformably upon the slightly irregular eroded surface of a granite 


Granitic pebbles and boulders within the overlying Pokegama and Biwabik 
formations strongly support this view, although it would be difficult to prove 
they did not originate in the vast granitic and metamorphic terrain a few miles 
to the north because of the additional presence of boulders of metamorphic 
rocks. On the other hand, in some outcrops the spatial relationships between 
the granite and the overlying sediments suggest an intrusive contact. In 
addition, closer inspection of the overlying formations adjacent to the granite 
reveals locally abundant minerals, such as andradite, plagioclase, orthoclase, 
hypersthene, hornblende, apatite, and biotite, that are perhaps somewhat more 
typical of contact-metamorphic mineral assemblages. It is probable that the 
\nimikie sediments were deposited on an eroded granitic mass but that a 
subsequent metamorphic event locally affected the mineralogy and textures of 
the earlier granite and the immediately adjacent sediments. There is no 
direct evidence apparent to the writer that indicates whether this event was 
related or not to the igneous activity accompanying the emplacement of the 
Duluth gabbro 


POKEGAMA FORMATION 


Chere are few outcrops of the Pokegama formation on the Eastern Mesabi 
range and most of these suggest that the formation was deposited on an eroded 
granite surface. Core from the Pokegama formation was recovered in se 
eral holes, some of which extended into the underlying granite. Drill cores 
indicate the formation is about 30 feet thick near the western end of the area 
under discussion and thins to about 13 feet near the eastern end of the Mitchell 
pit. It is apparently missing or appreciably thinner farther east. The forma 
tion generally consists of a whitish gray quartzite but due to the local presence 
of fine-grained silicates some parts are distinctly greenish gray. The Poke- 
gama formation contains locally arkosic and shaly quartzites on the Main 
Mesabi range. The basal beds of the Biwabik iron-formation are also quartz 
ose but they generally have a pebbly or conglomeratic fabric and commonly 
contain some typical iron formation silicates and magnetite. The Pokegama 
formation is usually easily separated from the iron formation on the basis of 


its light color and lack m 


agnetite layers 

Many thin sections show relic ‘sandy’ fabrics that clearly indicate the 
original clastic nature of the formation. The rounded ‘sand’ grains are now 
quartz but some may have been clastic chert grains prior to recrystallization 
Almost all of the grains are clear and many possess overgrowths of clear 


quartz. Most of the material interstitial to the clastic grains, however, is 
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not clear siliceous cement but normally consists of a variety of minerals 
Brown and green hotite, both of which have partially altered to pale green 
chlorite, are the most abundant of the interstitial silicates. In some places 
moderate amounts of andradite, actinolite, cummingtonite and minor amounts 


of blue tourmaline are present. The amphiboles and the biotites locally con 


tain many pleochroic haloes around minute enclosed zircon grains. Many 
pleochroic haloes are still apparent in the chlorite, secondary after biotite 


Although most of these silicates are essentially interstitial, numerous clastic 
quartz grains have been partially to almost completely replaced by the silicates 
\patite is also locally abundant with the above mentioned silicates 

Several thin sections of the formation show few relic sedimentary fabrics 
because of rather con plete recrystallization Most of these specimens con 
sist of a granoblastic mosaic of mineral grains. Xenoblastic quartz is generally 
the most abundant mineral present and is commonly associated with differing 
amounts of interstitial brown and green biotite and secondary chlorite after 
biotite. Many of the specimens, however, contain silicic feldspar (ortho 
clase?) in amounts up to 40 percent. Some of the biotites are locally con 
centrated in lamellae that probably reflect relic layering. In these rocks, 
however, the biotite fabric is distinctly decussate, rather than lepidoblastic 
\ few specimens contain abundant amounts of andradite, hypersthene, cum 
mingtonite and plagioclase (oligoclase?) and traces of pyrrhotite. The am 
phibole, chlorite and biotite commonly contain small pleochroic haloes around 


minute zircon grains, as noted in specimens described above 


BIWABIK IRON-FORMATION 


The division of the Biwabik iron-formation into the classical Upper Slaty, 
Upper Cherty, Lower Slaty (including the Intermediate Slate) and Lower 


Cherty members (Wolff, 9, p. 142) has been maintained although it must 


be emphasized that the iron formation in the Eastern Mesabi district is rarely, 


if ever, slaty or cherty In the following discussion, these names allude only 


to stratigraphic members and not to descriptions of rock types. Broderick 


(1, p. 444) and Grout and Broderick (3, p 17) maintained the classical 
division of the formatior 


ut also recognized additional distinctive strata within 


these members. Their columnar section is presented in Table 2. The writer, 
? 
(22 


however, has subdivided the formation members into many submembers 


commonly referred to as ‘units’ in the following text. The equivalence of 
the stratigraphic rock units proposed by Wolff and by Grout and Broderick 
: . 


to the submembers proposed by the writer is indicated in Table 3. The 


classification of the taconite rock-types included in this column has been dis 
cussed in an earlier paper (7 
On the Eastern Mesabi range, the texture of most of the rock types of 


the iron formation is finely granular (less than .25 mm diameter) or simply 


ly medium granular 


hornfelsx Some of the taconites, however, are local 
(.25 to 1 mm diameter) to coarse granular (1 to 10 mm diameter) and very 
coarse granular (greater than 1 cm diameter; rarely to 15 en These 


coarser fabri rocks are not foliated nor lineated and may be de scribed as 
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lhe rocks have, in general, a ‘granular texture’ because of the coarsened 
fabric produced by recrystallization Due to the presence of sn all ‘granule 
structures,’ many of the quartzose layers throughout the formation may have 
in addition a ‘granule texture.’ These granule structures are generally well 
rounded, sub-spheroidal quartzose masses that range from the size of coarse 


grained sand to very small pebbles. They are typically oval shaped 
viewed in sections cut perpendicular to the bedding planes of the roc} Most 


but some small pebbles may be of identical 


whet 


range from 0.5 to 2 mm in diameter 
origit On the Eastern Mesabi, most of the granules are chert-like quartzose 
masses that contain differing amounts, from zero to near 100 percent, of 
micron-sized magnetite dust Many relic granule structures are also preserved 


in places where the quartz and magnetite have been slightly coarsened by 
recrystallizatior In a few instances, hematite (martite?) is similarly dis 
tributed within granules Minute amounts of extremely finely divided clay 
like material, resembling allophane, are apparent in many of the highly quartz 
ose granules. Many relic granule structures are still evident in outline even 
where clusters of metamorphic silicates have extensively replaced these struc 

tures. Granule-shaped clusters of minute inclusions within some silicates 


have also been intet 


preted to be relic of these structures. On the Main 
Mesabi 1 inge, these relic granule structures are best described as masses of 
fine-grained silicate especially greenalite. minnesotatte and stilpnomelane 


~ } 
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but granule structures composed of fine-grained chert and dusty magnetite 
are rare. The writer believes that the granule structures of the entire Mesabi 
range were probably precipitated flocs of chemical origin, somewhat resembling 
silica gel, that were subsequently congealed, rolled and well-sorted on the 
ocean floor to produce the obvious clastic fabrics that the granules and their 
fragments produce. A fuller treatment of the relic sedimentary structures, 
especially granules, of the iron formation will be given in a later paper 

For the purpose of discussion of lithologic features of the core specimens, 
all holes east of R 13 W including hole 21 are collectively called the eastern 
holes. The remaining holes are referred to as the western holes. Excep 
tions to this grouping will be made where appropriate. The word ‘zone’ 
implies only a ‘thickness of rock,’ usually displaying a particular feature 
The terms ‘magnetite-rich,’ or ‘silicate-rich,’ as used in the descriptive text 
below are used merely as comparative terms. For example, a particular thin 
zone of rock containing many magnetite-bearing lamellae or magnetite-bearing 
pebbles may be described as a ‘magnetite-rich’ portion of a given specimen, 
which as a whole may be highly quartzose. Economically speaking, only 
some of the submembers, mainly from the Upper Cherty member, are actually 
sufficiently rich in magnetite to be amenable to beneficiation with present 
methods 

Most of the available drill core was obtained from the upper members of 
the iron formation and, in fact, during the first stages of the study cores 
from the entire section were not available. Consequently as a matter of con 
venience, the submembers are lettered in the succession that they are en 
countered in drilling such that the uppermost unit is submember A and the 
basal unit is submember \ 


Lower Cherty Member 


(Jn the Eastern Mesabi range, the Lower Cherty member is essentially 
a thin wedge of sediments that increases in thickness from east to west. Core 
from the member was recovered from four holes, 17, 21, 32 and 34, in which 
the thicknesses range from about 30 feet in the east to nearly 50 feet in the 
west. The member is about 136 feet thick near Mesabi but pinches out and 
is truncated by the Duluth gabbro to the northeast 


Because the holes are so widely separated (about two miles apart) within 


a formation member that varies appreciably in thickness and lithology, the 


proposed submembers R, S, T, U and V, are not nearly as well defined nor 
as well correlated as the submembers of the overlying iron formation members 
There are many bedding features that occur in one or more holes and not 
in the others. The problem of description and correlation is made more com 
plex by the subsequent metamorphism of the sediments. Although the other 
members and submembers of the iron formation are all heterogeneous in 
detail, they are in a sense rather uniform in their areal extent. Because of 
this fact, the stratigraphic units of the remaining iron formation members were 
relatively easily recognized and correlated from hole to hole, in spite of varia 
tions in silicate assemblages present in the core 


The Lower Cherty member appears to lie conformably upon the Pokegama 
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formatiotr The basal zone of the Biwabik formation ts generally marked by a 
pebbly, conglomeratic zon The member, in general, consists of poorly lay 
ered, magnetite-bearing, quartzose taconite. The upper boundary is easily 
identified by the ly abrupt change of rock type into the silicate-rich, 
magnetite-poor, dar carbonaceous’) bottom unit of the Lower Slaty 
member 

Submember V | quartzose basal unit is magnetite-poor 
for the presence granule structures and silicates that are typical of the irot 
formation, it locall nbl the underlying Pokegama formation To the 
east, the unit miy about 3 thick and about & feet to the west but near 
Mesaba it reaches 30 

The bottom eight inches ot ve cores of this unit are generally cor 
glomeratic, containing many quartzose pebbles, and probably corresponds to 
the hematitic ‘red basal taconite’ of the Main Mesabi range 


The unit consists dominantly of quartz and minor amounts of magnetite 


There are also minor to locally abundant amounts of hedenbergite as well as 
minor amounts of cummingtonite in the quartzose layers of the unit In a 
few extensively recrystallized specimens, such minerals as andradite, apatite, 
blue tourmaline, actinolite, zircon, green and brown biotite (with secondary 
chlorite) are present in small amounts 

Submember I This unit contains locally appreciable amounts of mag 
netite, especially in granule structures and groups of lamellae. The unit 1 
creases in thickness from about 4 feet in the east to about 13 feet in the west, 
but is nearly 60 feet farther west near Mesaba 

The magnetite-ri h grat! ules are commonly closely pac ked togetl er and 
somewhat segregated into layers that range up to 4 inches thick. Local 
concentrations of magnetite-rich lamellae also commonly form thin zones up 
to } inch thick Che interbed 
ilicates and range in thickness from } to 12 inches but are mostly | 


ded quartzose layers contain substantial amounts 


Hedenbergite y abundant along with some fay 

with increasing amou of cummingtonite to the west 
granule structures and lamellae, some clastic quartz grains also exist as 
primary sedimentary reli These minor clastic zones show a fabric almost 
identical to that shown by parts of the Pokegama formatior 

Submember 7 This unit averages about 5 feet to the eas ind’ 20 teet 
thick in the westernmost hole and is relatively rich in magnetite It is nearly 
12 feet thick ar Mesaba. In a general way, the distribution of magnetite 
varies from abundar nag ite-rich lamellae and lavers near the bottom 
to irregularly shaped ; s of densely packed magnetite-rich granules near 
the t p 

The quartzo ma ial, in which the magnetite 1s listributed, contait 
minor amounts avalite in core from the eastern hole Moderate amount 
of hedenbergite :; minor amounts of cummungtonite ; locally present fron 
core throughout the area many respects, the unit is somey similar 
to unit J of the Upper 

Submember S 


silicates do not don 
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feet thick near Mesaba but only averages about 8 feet thick in the Eastert 


Mesabi district 
The individual magnetite-rich layers commonly range trom 4 to 4 
thick but they are relatively few number. The interbedded quartzose layers 


2 inches thicl d commonly contain many granule structures 


are mostly : to 
present near the t yp of the unit im 


Algal structures, or their tragments, are 
holes 21 and 32, 1 \ not! | in the other two holes 
Nlinor | core from the eastern holes 


Moderate amounts 


ire found throughou 
| isu ol the last magnetite 


minor amounts oft ummingtonite 


leposited befi overlying magnetite-poor unit 


uniforn averages about 12 feet in thickness 
lly few in number and generally consist 


form zones 4 to $ inch thick, but some 


ite-ricl 
closely spaced lamell 
t + inche s 
nagnetite-rich layered z ‘ ormally separated by 1 to 8 inches 


silicate ricl qu irtzo l \ Most ( f 
moderate to locally abundant amounts 


this interbedded non-mag 
iterial consists « 
valite, lesser amounts bergite and rarely ferrohypersthene occur 
ring as irregularly shaped masses. Only minor amounts of cun 
mingtonite occur the area. Slightly recrystallized mag 
netite-rich granule are still apparent in the quartzose layers of the 
f pyrrhotite and chalcopyrite locally ass 


unit Traces « 


wit! hedenbergite. na al al 1 brow biotite associated witl 


a 
favalite are locally found 

Near Mesaba, a ten foo ick transition unit, R’, lies 
ind R It consists of 1 bedded rock-types that are sin 
units O and R 


Vembe 


uniform in thickness, ranging trot 
‘astern Mesabi district, but is 11 
into two submembers, P and Q, 
the Intermediate Slate of the Main Mesalhi 
Eastern Mesabi range 


/ 


divides 


as magnetite 


ormatt silicate ricl 
thy 
tl 
boundary 1s generally . 
nd well defined bedding 


nagnetite arm We 


poor submember is 


gi ized on that basis 


20 feet near Mesaba 


\ 





graphitic 


that it 
il d tl c¢ hedd 


e conglomerate 


aracte 
magnetite It 


Me saba 


graph 


ices but 
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Specimens of the unit from holes numbered from 19 to 26 characteristically 
have a mottled appearance The mottling is produced by the presence of 
roundish remnants of fayalite- and ferrohypersthene-bearing mineral assem 
blages, similar to those noted in the eulysites to the east, within a finer grained 
groundmass of prismatic cummingtonite, with or without xenoblastic quartz 
Minor amounts of actinolite and plagioclase accompany the fine-grained cum 
mingtonite in ne specimens 

Fine-grained prismatic to acicular cummingtonite, along with minor 
amounts of quartz, dominates the mineralogy of the unit in core from the 
remaining holes to the ace amounts of fayalite remnants are found, 


>»? 


however, in core fron Imo all of these holes iS lar west as hole 33 


er Cherty Member 


‘| he | pper ( he rty men ber has been divided into eight submembers ; H, 
I, J, K, L, M, N and ©. This member contains the highest percentage of 
total iron, as well as the largest amount of iron as magnetite and 1s currently 
being mined on the Eastern Mesabi range by the Reserve Mining Company 

The Upper Cherty member was cut by a large number of drill holes and 
is found to vary in thickness from about 120 to 160 feet, averaging about 
140 feet, but is about 246 feet thick near Mesaba 


Most of the submembers typically contain magnetite-rich pebbles of intra 
formational conglomerates F 


comparison to other members of the forma 
tion, the quartzose layers of the member are relatively thicker and they 
characteristically contain ule structures in most places Many of the 
basal submembers locall in abundant amounts of silicates 

Submember O rast to the idjacent units. submember © is chara 
terized by abundant magnetite-rich granules and in some places, small pebbles 
This unit is generally persistent but submembers M, N, and O could not be 
differentiated i om the hole near Mesaha. Unit O ranges from 5 t 
26 feet, but averages ) . in thickness 

Throughout tl { ! . numerous magnetite-rich granules alot 
’ | 


with some small p cally concentrated lamellae and into closely 
1 


ig 
into 
packed, unifors laminated zones that range from } to 12 inches 


in thickness ‘ grail iwnetite also occurs to a much lesser extent as 
nellae and ; mina zor that reach 2 to 4 inches thick in some places 
silicate-rich quartz natrix in which the magnetite is distributed varies 
iwhout the area Except for minor differences 
kilitic cummingtonite and ferrohypersthene and 
cummingtonite is nearly the same as just 

P. Minor amounts of hedenbergite, a 


minute amounts of pyrrhotite and chalco 


pyrite occur ] il] mm ti 1 Core from hole 33 contams the westert 


most occurret 


granule structures occurring in the eulysite 
port masses of fine-grained 

minute opaque inclusions within fay 
vestern parts of the unit consist of finely dis 


f acicular cummiungtonite Many transi 





several thicker red z 4 


Uartzose 


1019 


the intervenn 


a re 
iy’ a 1 


roughly recrystallized 


wnetite content 
yt the westernmmos 


western drill holes 


ists of quartz 


of the core fron 


some ferrohypersthene, i quartz 


le-grained cummingtonite West of 
is locally ibundant the 
favalite he wever, are 
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Minute ren of 
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inch thick 
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a few thu magnetite 
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lavered zones evet 


structures are apparent in the 
st to other submembers ot 
hi general, are re 
ranges from 15 to 
stern part of the are: 
than } inch thick but 


inch thick 
agnetit ind thin quartz-silicate 


rich layers are interbedded 


2 to 6 inches, rarely 12 inche 


eparate the mays 1 lavers are generall 


thich 


20 and those farther 
moderate i! ) . val | 


alite, f pec 


cores ifTo 


any 
res conta amounts ot hedenberygite 
mimningtonite virtually absent Pre 


of Arg ind Iron lakes 
le rrohyype rsthe ne, 
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decre isinyv ty Sil all 
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holes 19 and 21 \ rare occurrence of reibeckite was found in core from 
hole 28 

Submember 1.—This unit is defined by the presence of algal structures 
It is generally about 5 feet thick but is only about 3 feet thick near Mesaba 
Grout and Broderick (3, p. 21) were among the first to recognize the organic 
origin of these structures Although some algal colonies are recovered 
intact in the core, more commonly only conglomeratic zones containing 
fragments of the algal structures are found. The intraformational con 
glomeratic nature of the unit is persistent throughout the area Some reli 
hedding, mostly as indistinctly bedded lamellae, occurs locally with the 
conglomerates 

Che algal structures, as well as the many granule structures, are delineated 
by the distribution of fine-grained magnetite within fine-grained quartz 
Most of the minerals forming the delicate algal structures have been partially 
recrystallized In core from the region south and west of Iron Lake, martite 
has subsequently developed. Many of the fine-grained granules and deli 
cately preserved algal structures of this area also contain hematite, essentially 
as dust sized particles, which may or may not be martite. Martite and 
dusty hematite is almost invariably associated with minute amounts of calcite, 
and in many places actinolite; rarely with muscovite and_ riebeckite 
Cummiungtonite is virtually absent from this unit, except for minor amounts 


n core trom hole 29, and minor amounts of andradite, clinohypersthene 
ind hedenbergite are locally present in some cores from holes southwest of 
Iron lake 

Submember H.—TYhis submember is characterized, in part, by the 
presence of greenish silicate assemblages occurring as thin, muddy-looking 
lavers within the magnetite-rich layered zones of the unit Most of the 
drill holes of the area cut the unit, which averages about & feet thick in the 
western holes and gradually increases to an average of about 12 feet in the 
easternmost holes The core from the hole near Mesaba that has been corre 
lated with unit H, however, is nearly 30 feet thick 
’ 


Fine-grained magnetite occurs in slightly irregularly-bedded to lenticular 


lamellae and thin layers up to } inch thick These thin beds commonly form 
a group of closely spaced layers that are typically interlayered with, and 


enveloped by, actinolite ind hornblende-rich layers of similar thickness 


lhese layered zones of magnetite- and silicate-rich beds range from 4} to 6 
| 


inches thick, but are mainly about 2 to 3 inches thick In a few holes, minor 


umounts of cummingtonite associated with actinolite or hornblende have 
produced a silicate assemblage of a yellowish green color 

lhe magnetite-silicate layered zones are interbedded with quartzose beds 
that range from about 4 to 6 inches thick. These beds are commonly slightly 
thicker, mostly between 1 and 4 inches, than the interlayered magnetite- and 
silicate-rich zones. Except in some of the core from the eastern holes, the 
granule nature of the quartzose layers is usually evident Minor amounts 


of hedenbergite occur in the quartzose layers of core from most holes and 


minor amounts of fayalite are also present in core from some eastern holes 
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PpPer ] J } cy 
he entire Upper Slat ember cut ¢ pletely | ! four drill 
hole 18, 2] 25 Z als st col plete vy bv hol 34 It shows a 
iniform thickness of t 125 feet The cores from most holes, and the 
] nea; MMe . ba conta me of the lower units of the member The 
Upper Slat ember | ween divided into seven submember \. B. ( 
I), | F and G 
Chis member typi ntains interbedded zones consisting of magnetite 
ind silicate ricl lamellae n many pl ices \ large part of the rock, however 
consists of thi irt f ivers that contain many granule tructure 
Mineralogical il textur it is striking milar to mat parts ol the 
| pper (hert member ¢ ept that it contains more sili ite rich amellac and 
il that the indi lual 1 etite and irtzose lavers of the | pper Chert 
ember are typica ket 
In passing from the Upper Chert ember into the Upper Slaty member 
there is general] gt tional increase in the well-bedded nature of the 
Slatv member because it mellae become more regularly bedded and _ the 
lavered zones themselves be e more uniformly lavered and abundant 
Submen rG The presence of andradite 1s lo illy characteristic in core 
tf unit (y trom man dri | le ut the irea It general the unit 
contains man thir i nate rich zones but in cor parison to 
other submembers of the Upper ber, these zones are not abundant 
\n average thickness of 25 feet was determined in the core from about 20 
holes Units F and G, whose composite thickness is 50 feet, could not be 
differentiated in core fror the hole near Mesaha The basal parts ol the 
core from several drill holes from south and east of Argo Lake consists of 
rock types identical to t e occurring in the overlying unit H ar ire not 
discussed further During upping, this basal unit was termed G It 
ranges in thickness fr t 20 feet it re from hole 6 to about 9 feet i1 
re from hole 27? 
! tly ranging in tl ( hetween 1 and 6 inche vith zones 1 to 3 inches 
st commor he il lamellae and laminate re iré more if 
regi if i ded. \e T etined al r not accumulate t the moderate 
thickne ~¢ t the lavere Te t the er] ny nit In the core tron thes«« 
western I es eT 1 t ered, densely packed zone f macnetite-ricl 
granules inste ot ( re more abundant These irregular, presumably 
lenticular to tabular re f abundant granules genera range in thickne 
frou ‘ \ nches thy ‘ f which re s hie ‘ 2 t; 2 inche r les 
Moderate am t I ti ite have “ cle eloped vithu nd adjacent 
to the iwnetite-rich granule and laminated zones in core fros t of the 
I \S a Truk ¢ r e mater thin and between the iwnetite 
ricn gral e and il nate 7 es 18 quartz ‘ No cummuinegtonite 1 present 
nm core tron holes tarthe r t tl in hole 20 tr nor t int ire fonind 
1 tew cores {rot s | e re uning r 
he relative gnetite-rich zone ire eparate fine-graine: 











wirtzcwe 


thick Dh 


quartzose 1 ! ly 


ilmo ranule 


! in the slight 


l vl hore res 
from hol as 2] | 


\bundant magnetite-rich granule 


1 
ncreasingly apparent 
\ndradite comm 


structt 


le 21 and holes farther west 
ol o iT in the quartz se parts 


of many ce 
the 1 h ist ' ‘it ( Its abundan nd « ren 
ne most charactet 1K t unit , t abundance and occurrence 
an unexpected 


minor to moderate 
eastern holes, and even core 


lateral variation. Only 


amounts ot 
lite occur in most 


from a few holes 


and 21 contain Garnet. however. is locall 


1 t abund: 

es extending from hole 24 to 34; all of 
e present gabbro contact. Minor 
amoun 


core from the remaining hol 


which are much farther 
f 


from th immounts 
hedenbergite ts of diopside also occur i the 


irea and in 


qu irtzose 
core 


many places they 
is characterized by relati 
ellae of 


vely 


magnetite and cummingtonite, 
s 


layers that generally hay 
persistent and is recognized readily 


quartz 


a granule 


in most core but 
differentiated i 


eastern holes and the 

Me i averages approximately 15 feet thick 
tern und aly d thick in the western holes 

\lternating lamella mainly of fine 


core trom some tar 


grained magnetite 


f slightly differing thickness 
f the unit Most of the 


col 
individual 
are, as a rule, regularly bedded and 
inated zones range in thickness from 
inches thick From hole 20 


prismat cuninitt 


westward, tl 
gtonite become 

rarely actin 
lagnetite 

primar ike . 
structures Many 
slumping, 1 Iding and | 


many of the origi 


sedimentary bedding 


ing of the 
a avers attained 
] ‘ ] east (ot : ] _ } +t 
ce distorted arn recctated withou 
Broderick (3, p. 23) l 


na 


] 


| Broderick 
structures as rag folds. The writer 
of primary sedimentary origi 
w are essentially undisturbed 


truncated in 


degrees of disrupt 

ll formed intraforn 
ne tragments were observed 
cummingtonite zones are separated by 
granule structures outlined by fine 
vers range trom | 12 hes 


ink 11 
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layers are strikingly devoid of vious granule structures. KRelics of granules 
evertheless, are apparent in thin sectior Locally moderate amounts of 
hedenbergite ire present 1 the quartzose layers of core from holes 18, 21, 30 
ind 32; minor amounts of andradite also appear with the pyroxene in core 


from the last hole 


Submember ( Submember C is the uppermost unit of the iron forma 
tion containing considerable magnetite and generally consists of laminated 


zones that are separated by uniform quartzose layers lhe average thickness 
} 


ibout 4? leet a determined trom the core ot € of} t iril] hole S 


Che distinctly laminated portions typically consist of slightly irregularl) 
to regularly-bedded, magnetite-rich lamellae withi quartzose r silicate 
atrix These lamellae are present sing] ind as closely spaced group 
onstituting uniform, laminated zones up t inch thick that are separate: 
vy fine-grained quartzose layer t of which are } to 1 inch thicl \ few 
quartzose layers as thi ; nch or as thick as 5 inche re present 
however, in most core \lmost f the quartzose layer how no obviot 
granule structures in hat 1 C1 r thin sectio1 n mar places, the 
juartzose layers are ue minated with extremely fine-grained magnetite 
ind thin sections of these layer how excellent relic textures of bedded 
chert Minor amounts of hedenbergite are commonly found in the quartzos¢ 
ivers of the unit Medium-grained ferrohypersthene ilong with minor 
fayalite, is common in at urrounding the magnetite-rich laminated zones 
in core from the eastern hole Minor amounts of fayalite occur alone un 
ore from hole 32. Cun gtonite cally abundant in both the magnetite 
rich and quartzose layer f the unit everywhere and in many places i 
issociated with minor amount f actinolite and hornblende 
Submember | This unit nsists almost entirely of irregular layer-like 
nN ( I pyroxenes ind amp! n iveraging i t 2 inche thir that have 
eveloped withi ou bedded chert-like irtzose lave \ vhole 
t maistinct vedded mi ent ill | I iwnetite ept tor 
ew lame lae near the ott of the unit Specimens f the member were 
tained onl n four drill holes {1 hich the erave thickn £ +h, 
Se found to be 16 feet 
rm y a light greet é t abundant t lesse1 ts of 
irke reen hedenbergite at genet i present in most res Bot! 
pyre nes are tl med ned n OTAal ] iSti¢ rh te ture but 1 il 
subhedral prist f ¢ re er 5 ’ ng in some places Some smal 
rret lar Sses rs T re } Tl eT wit 1 1 T Tl unt oT apatite 
7 stilp1 melane re iT res Nore re< < ntait 
mor mounts I ngtonit ruce ver-like patches t 2 inches 
thick withi the pyroxene-ricl nes Several trace occurrences of 
chalcopyrite and pyrrhotite re f n three f the les 
Phe chert-like irt t re poorly- to indistinctly-laminate nd 
re monly 1 inch tl The relic laminations are best preserved 
n the most. fine-graine oe ecause slight lo recrvstallization | 
irtiall esti er mat i ce est here The pvr enes are rt I] 
cent treo +} rt eT ? , r ' t< ’ motonite 











I 
ictine te I if te nt I stilps nie The cal y enhance the lamit ite 
spect of the layer 

chmen | ly ember the uppermost stratigrapl nit 
eB bik trot rT ! It is calcite marble and as such is « ily di 
tinguished fs the nt for é erlying Virginia formatiot 

Sm ‘ +] ‘ r in the core f1 nlv four holes i hich the 
thickne i the nit ’ } it 5 feet 

On the Eastern Me range, this é ite bearing marble is near] 
hite t ght bluish-er core trom hole 32 but is medium gt t 

Tra if re tT the ther holes farther east The 1 pparent 
difference between the light and darker varieties of marble is the relative 
buns nee tf unidentified ninute black pecks probably oT phite ( urriny 

nclusions within and surrounding the calcite grains 
Most of the silicate urring in the cores are too fine-grained to be readil 
entified th the hand let Thin sections of this material indicate a 
le I ( I Ds r ] | several piaces Pive the marble yreet sI 
ist Minor nt edium-grained idocrase and andradite, however 
re ea recoonize: re from hole 21 I shee ; e andradite at 
Cal ibundant rse-grTraine istonite ind liot de re 
present core fr } ‘ 
, Form oO 
Phe ar e1 e Virginia formation in the Eastern Mesabi district 
t 4 , There re! teron f the for itor 
ane ttu wmeeed nerations her e occur to the — Specimet 
-_ ‘ - . re from several holes both near and far 

, the , oe of the Virginia for Mowe | the 

I) t T T Y 1] | he lise issed 1 ! ther 1 per 
Reif +] createt , the Virgir formation ¢ he hest deccrilx 
ht et light gt mewhat laminated, quart 

. ne cindex Gemesill oe mas =e enerienes 
his Bas necnes i to distinguish the metamorphosed formatior 
, : th, al ait, is Me Wet te ovens 
+} ‘ 

\W\ +} ew hunds hy re et r nt ‘ re teow 
es 2 the for: m has hee te recrvstallized t edit 
fine-grain ” tite-anorthoclaes rthacstesas?) thaenks \Ithoug! 
the , a. oon f tite to lamellae probably reflects initial minatior 
hese iverT re not I t tvyi ] have a de te ! Minute 
nt erctit _ tite re present 1] Core fr } e 2. drille 
ter the nrecent ef entiall nletec ‘ vO unten te trace 
nt <¢ +, nd iron-rich ’ erite +, a} } } , 
tered + eT ' 4 rite ‘ ter rece ling pra ste 
\ t 1 (WW) feet fF ‘ ‘ y ' } ‘ ?1 the recr ‘ Watior 
| ¢ , ’ ] rit ‘ ‘ vite rt? 
rt} oe } , , | . ent je . , —_ t renera 
the ae -~ . +] Rees, tn On ae one menmes 








the gabbr At] = owed e within the Virginia forma 
t ! If tl | { | I I t c t ei pi hit iicate cal te 
irble hicl I t I al tet Y ul f calcite grains that are dust 
vitl te entific These inclusions are presumed t 
" ineralogica tl ‘ rver grains of di psice locrase sphene 
CT in I | f ‘ t} T T terstiti 
It to see thin sect fr hole 25, almost t miles fre 
the present gabbro contact, that € part f the Virginia tormation wert 
rigi nature rt t é The angular or rrity” fabric of 
the quartz gran rm ‘ tere ericiti fragments of feldspar are sti 
evident Phe en e-graine tr iterial is typt loudy ar 
nsist ill ! ht ! tallized gran juartz hite i 
t¢ T ericite ! tite hlorite in rth el ‘ ? <1] 7 
t | T | tt. | t re t 
) 1) \ 
it | hole 32 Dial é ‘ ] t the Mitchell t near 6.000 
cet est al abe he pit ( ! ill arainage litch « t the pit 
Phe l b re ( eT T rT 1 fine vt er sucl ire 
ewhat rit ppeat e t the met rphosed Virg for tior 
( re ‘ et t¢ t} +} ] ranos tre ib it ‘ ty 15 teet ' 
thickne Dhey har terist ‘ t t the 1 per | irt f the | pper 
Slaty me DeT r near the tt f the Virginia rormatior Phe dike 
hserved in the pit rai ' S feet ‘dtl 
here is no evidence of -_ C shee te formation by the diabase 
ntrusives he ‘ th t ] ee! thsequent highly etamorphose« 
\ fine oraine ial br t re nt t specimens but thin sectior 
how resorbed remnants of 1 e laths and the tvpical tendency to for 
) (;ARRI 
eX re Duluth ¢ 1 cCuUr ear the present pit 
erat il the ’ y t ' ntact is concealed ( irsely re 
! t ed part tl ! it ! Y | st it the eastet end f the 
Mitchell pit | eve I thin 500 feet } rizont f the 0 ibbr 
Fresl irt 1) « t e gabbr re vailable in the ré nvevor 
nne t the thy , ew hundred vards soutl f hole 1 
\ re T ] { ] “’T | ] ] 4 ] cs T the crusher ite 
t , ( , _ 
| { of} { T yreet va T that sl 
riet te ! t t é rpl granular to diabasic t 
rachyt ( pseudo-lavere¢ r stratifor 
seenetenen Plas . th-like. subhedral grains ’ 
Minor hel neerrhotit re ] , nt it 1 fe 
T that the ae , 








1029 


pletely replaced olivine or augite while still preserving a fair diabasic fabr 
the plagioclase laths Che sulfides are characteristically associated with th 
ific minerals particularly coarse-grained biotite, both of which locally appear 
to have been deuteric or post-magmati 
In thin section most of the specimens may be classified as vir gabbri 
it some parts of the complex are either simple gabbros or troctolites he 
plagioclase is labradorite (An,.), which possesses incipiently developed 


spindle-shaped pericline? twins that somewhat complicate the dominant albite 
twinning \ few grains are faintly zoned (normal) with slightly calex 


but this is not a common feature \ few anhedra of quartz interstitia 


, 1 
to) plagioclase are present but are rare 


Olivine anhedra normally occur interstitially to the plagioclase to fort 
hypautomorphic granular rock with a coarse-grained diabasic fabri In mat 


laces, the olivine grains have thin coror of augite (Ti-rich \ugite al 


ccurs interstitially to plagioclase in a fashion similar to olivine In som 
aces, however, it poikilitically encloses olivine and less commonly plagioclase 
produce il ypphitic tabr 
Brown biotite obvious! ippears to have been one of the ist silicates te 
iT In many places it is not clear if it was a late-stage magmatic mineral 
' product of a later high-temperature alteratior Its ciation witl 
ivl iltered feld pat ibundant apatite, replacement ulficle ind recrystal 
ed parts of the gabbro support the latter view In many places, fine-grained 
tite commonly surrounds or rims the mafic minerals or the minor amount 
f acee T nagnetite present and appears as if it ht have be -— 
rl t ineral 


With the exception of the sulfides and magnetite, all of the above mineral 


have been affected or altered by later. probabl aqueous olutions Olivine 
especially is commonly iltered to a brownisl nontronite or hi ingerite like 
ne? il ind t i lesser é <tent by i pale gree! ish mineral resembling by vlingtte 
Mines Experiomi 
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THE CONSTITUTION OF DAVIDITI 
|. D. HAYTON 


ABSTRACT 


\nalyses are presented of 


samples of davidite from South Australia 





and South Africa Brief reference is made to methods of analysis with 
comments on the states of oxidation of the components \ basis is sug 
gested for determining the constitution of davidite and several possibil 
ities are discussed It is concluded that davidite is homogeneous in 
nature and not heterogeneous as suggested by A. W. G. Whittle 1) in 


it paper ol this title 
INTRODUCTION 


DURING the past ten 


years samples of davidite have been obtained that 


were reasonably free from impurities The samples came from Radium 


Hill and Mount Pleasant in South Australia as described by Whittle, (1 


from a new locality at Kalabity homestead, 30 miles NNW of Radium Hill 
ind also from Tete, Mozambique, \frica 


Lhe samples were prepared by preliminary hand selection under i bi 


nocular HMUCTOSCOpM followed by heavy 


liquid separation of minus 60 mesh 
material Some of the s 


unples were further treated in a “Frantz” 
dynamic Separator The fir 


Iso 
ial product was examined for foreign material 
by preparing polished sections of representative portions mounted in bake 


lite briquettes. Small amounts of impurities were present, mostly as inter 


yrowths or exsolution bodies They consisted mainly of rutile, hematite, 


ost instances the amounts detected opt ally 
did not exceed 5 percent of the davidite 


ilmenite, and quartz and in 


No allowance was made for im 


purities other than rutile and silica when calculating the probable combina- 


tions of components in the davidite 


METHODS OF ANALYSIS 


Mlost of the components were determined 


by well known procedures 
that were modified as required rhe 


lanthanons, thorium, lead, ind 
alkaline earths were separated as insoluble fluorides by 


a preliminary treat 
ment with hydrofluoric acid; 


uranium was also precipitated as uranous 
fluoride at this stage unless an oxidizing acid (HNQOs) were present The 
purifed lanthanon oxides, which also contained the thoria, were examined 
spectrogr iphi« illy to determine 


the relative amounts of the individuals 
Sore 


of the components were determined directly in the davidite by 


X-ray fluorescence inalvsis and by sper trographi analysis The results 
Pul ‘ with the rov it Director of Mines and Government Ge mist, Ace 
Ss. A 
Ir elements Lanthanun Lute sive in 
Dhae bol Lt ed t enote lanthanons and the oxides are represe 
0 
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1.2 1.6 


> 3 23 
p 1 0 é 9 ) = 0.3 
1¢ 0 
1 +11 
03 14 14 11 u 
»3 o4 
r 0 
“ 0 »s 0 o¢ 
0.1 0.1 
0 
) 0 1? ) { uv 
1 0.2 
; 4.5 
10 0 4 +1 5.4 


) >g 
obtained for uranium, lead, and thorium agreed reasonably well with results 
of chemi il il ilvsis 

Ferrous Iron Determination The method proposed by Wilsor 2) was 
used for determining the pparent amounts of ferrous iron, but the figures 


{ M { 
F ef 
120 1¢ 10.4 
? 174 ‘ 23.0 13 16.1 
; I v ? 18 . 
61 lf ! ‘¢ 
32 9 1 20 11.2 
13 4 149 4 13.1 
s 194 O8 20.2 ‘ 19 
) 149 U4 14 
16.2 , ”) 4 15.8 
21¢ 44 16.0 1.9 ‘ 
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obtained could not be wccepted s correct except in davidites with low ura 
nium and vanadium contents, since the actual state of oxidation of those 
components is uncertain 

The effect of other components on the ipparent lerrous tron content can 


be calculated from consideration of the probable reactions when davidite is 


dissolved in dilute hydrofluoric acid l'nder these conditions, ferric ions 
ire complexed and the redox value of the system, Fe**/Fe®* is lowered 
sufficiently for UQO,* to be reduced to U** with subsequent precipitation 
of UF, The reactions likely to occur for various oxidation states of U and 


\ ire viven be low the components being ex pressed is their corres yond e 
| | | 


oxides 
Ui. + 2kFeQ) @— UOD + Fed 1 
: 44 
VA) bet) VO), + kel) ) 
? 44 
V0 ke IVO). + IkeD 3 
f 44 
at ct | ] occurs, the ‘ sured keQ) should be ner sed b mmount 
144 
‘ mito ( ‘ ‘ ‘ if | eX Dresser is U0) 
ROH 


, (= 
| occurs tin bet) ould bye creased | or seve this 
182 


ol the va adiu expressed s VA) 
] 


If 3) occurs the be) she cl be cdlecre sed by thre vandiul expressed is 


It is considered that no reaction is lkely if both uranium and vanadium 


exist in the quadrivalent conditior The calculated effects of U and V for 
the various davidites are shown in Table 1 

lable 2 shows FeO deter ed by the method of Wilson (2) together 
with the estimated iximul possible differences between the measured 


ind true values 


1 he possible Val iLions re Col sider ible except in number  - ‘ ind Y 


where the estimated difterence from the measured value does not exceed 
1.4 percent and S and 9 ts less than 1 percent In number 11, positive 


corrections are not ippli ible since the total iro expressed as keQ) 1s actu 


illy less than the deter ned value for FeQ, the respective figures being 


I Fe) 21.2 per 
I ‘ 21-¢ “ 

If it is assumed in this case that uranium is quadrivalent and vanadiun 
triy ilent t he the ad Herence betwee nN the tot il iron and corres ted ferrous 
ron wv | eprest t the amount of ferric iron present in the davidite, hence 

I ket) 21.2 perce 
18 ercent (1 ) 
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| ) 


It Ss «ol terest that the \lozambique il ilyses nul bers | ind . are 
practically identical except for the apparent FeO value (Table 2 hese 
Ss iples were orig I] selected because of their markedl dissimilar ph . 

il character, umber 1 be y like chromite appearance while number 
exhibited the typical vitreous lustre and conchoidal fracture of rare earth 
nerals he dittere ce phy Sik il ippearance bn related to the 
liffers ce ppare t bet) content itthough there was 0 simular feature 
\BLI 
iM I . ¥, 
, P 
; ‘ ' 44 vf ] 4* 4 
P , ‘ : " 
‘ t . , ‘ 
‘ ‘ f f 
M ; 
‘) if ¢ ‘ 

4 f  ] t ’ 

4) 4 ( ¢ ¢ 
oO 
O 
; J 14 ‘ 4:4 
‘ 
‘ R 
+ R 
Re I ‘ M 

k ; m I s 
wa I : 

‘ ‘ M 7 ‘ 
” t r gq. he 
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Law) 19 { 
t-¢ ‘> a] 5 
PraA) 0 ) 
Vda) 23 j 
~ {) o2 »2 
| 0) 0.03 00 
(,d4) 0.234 O2 
rb) 0.12 02 
1) {) 0 1 
Hi ‘) o2 2 
Era) Or 
I ) ) 
VYbet) 4 | 
| 4) ) ) 
yA) 90 

1 
\¥ ‘ 
”) ’ 
4) 
‘) 
exhibited b the South Aust: 


th 


mW 


iwreement W that recorded 


that chrom is hiwher il 


D tribution of Rare irti 


vidual lanthanor nd ttria 


> i 


b 


ol 


rare earth oxides separated fron 


TABLE 4 
y n DAVID 
¢ a } ] 
{ 4 $7 32 32 40 6 
32 34 22 28 25 
0.8 1.2 03 1 1.0 1 0.5 
1.4 2.1 10 40 4.8 4 2.2 
02 0.2 01 0.2 0 02 0 
003 oOo3 0.1 0.1 0.1 02 o.1 
0.23 0.35 O¢ os 1.3 04 04 
0.1 0.23 0.3 o4 1.0 o4 0.2 
14 2.1 2.3 4.5 +5 3.5 7 
o2 0.4 0 1.1 ov Os 2% 
2.3 2.3 2.3 ; 4.3 2.3 +0 
03 02 0 0.2 
2.2 2.2 2 6.0 +8 2.3 
0.3 OS 0 Os 0 06 1.4 
90 11.4 18.0 21.0 18.0 15.0 19 
4 $42 $44 $49 44 44 448 
davidites The analvses are in close 
Bannister and Horne inalysis 3 except 


lowe I 
4 shows the 
bys 


the davidite sample s 


Table 


rt ined 


distribution of the ind: 
the 


spectrograph inalysis of 


The distribution ts simil to that suggested by Dixon ind Wylie (4) u 
that there is an accumulation of lanthanons at each end of the series and 
lanthanum 1s in excess of ceri The relative amounts of “light” and 

heav' lanthanons vary considerably and in general the amounts of vttria 
ire closely related to the hea os group 
rABLI 
ik I's AND | LA HA YS AND Y k 
{ M Kalal 
1 9? a? 65 Ht ; 
) ) . 1 1 9 
y 0) 19 . 
S 100 





1035 


I he relative proportr s of the livht ind heavy lanthanons nd vttria 
davidite from four localities are shown lable 5 

IT he distribution of the lanthanons 1 the davidite from the 700-toot 
level at Radium Hill is markedly different from that in the samples obtained 


from higher levels and the surface, and is very similar to that of the Mt 
Pleasant davidite It can be inferred from this that there is no definite 


lanthanon distributior pecullar to the davidite ot any particular locality 


rABLI 
RK Al sis FoR M PLEASANT Davip \ 5 

| ‘) 0 34 1 ) 0.072 oo7;2 P 121A 
ro ‘ » R24 0 20¢ 0 592 I O9; 
I 4) ¢ 0 3014 4.521 l 10-1.18 
Ya > & 49 04 1.318 19; Vy 0.93 
Tho 0o4 ) ») 0.081 0.162 I 1.02 
Qe) 0.1 ? oOO78 ieee! S 81 
( () 0.2 0 4 0.190 0.190 ( 099 
Sr) 0.2 ( 4 0.102 0.102 S 1134 
Fe) m0 {R32 OR 19 262 19 262 } 0 
Mont) 0 18.9 0.22 0.22 M 0.80 
Va) 01 2 0.070 0.10 \ 0) Of 
( 4) 01 32 0.070 010 Cr 0.64 
rit) 2&2 ; +70 0 2 I 0 68 

‘) » ® 149 04 2.924 4 3K¢ \ 0.50 

) 102.46 
5.190 =i 
53.23 
97 5 
( onstiltution o Da Lile \s i basis lor ¢ ilculating the contents oft i 
unit cell of davidite the data ot Pabst i d lhomssen 5) were ised \ 


cordu y to these iuthors, davidite probably belor ys to the space group R3 


or R3 with the following cell dimensions 
hexagonal ( 20.85 A. a 10.36 A 


The molecular contents of the unit cell were cal tlated from the formula 
vIVel by Clark and Dua < 6 


niM x 1.649 < 10 


where ri) Spee ie yvravit 'e) davidite n umber oll olecular its per 
" ‘ ( 
init cell, for R3, n 3 { molecular weight per unit; ( 
a 
The ( ale ulated cell content n VM, usin a V ilue ol 4.4) ior the s.45. of 
lavidite was 5,190 a | the nalvses were recalculated o this basis 
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Phe recalculated sis for mber 8&8 is shown in Table 6, all others being 
treated in a similar manner 

Lhe components were expressed ! their usual lower oxidatio states 

iter ind insoluble “i be y cx luded The calculation ot iron as ke) s 


msidered to be justified by the high value for sample number 11, which was 
obtained tro i relativel unweathered zone of the Radium Hill ore bod 


TABLI 
i \ MS (aR 
I M 
r 

22.89 23.11 25.80 26.2 24.7% 24° 24.64 24.80 25.14 23.51 24.51 1.19 a 

hi tk 46 ; 143 3 3% 4414 4643 37 92 4% 44 37.57 35.70 9 10 37 08 1460 43 

) 99 O04 99 ¢ y 2 OF 9 98 94 101.44 102.46 101.61 98.46 100.79 99.65 190 190 

Ml 

11% 4.22 4 104 4 4 1 2 5.01 06 042 RS 

B 0 602 5641 4 j ; 793 10 55.83 6.85 56.47 080 14 
{‘) 99 04 99 ¢ y » OF 9 98 O4 44 10246 101.61 98.46 100.79 996 190 1900 

‘ 
} $1.22 ‘ 1o4 4 ] l 2 5.01 f 06 042 x 3 
! 2 ) ,>44 19.49 19 $20.14 1 19.45 O09 19 
; $14 ; 2 3644 3 $70 3910 3703 16 4 
my 04 99 ) » 9 4 ) $4 102 4¢ lO! ON 46 oOo + 99 1 oO 1 OO 
kk 3 
( ' \ I 0 ( 2 \ I 
; | r 

¢ suggestion of B Cl d Horne (3) that tron should be allocated 
line touts oxnidatio . tes 18 not supported by Variations show! thre 
probable values tor ferrous davidites of otherwise similar compositior 
Vhis is shown by numbers 1 and 2 and 8 and 9 respectively in Table 2 The 
ferrous tron tigures differ considerably in each pair although the analyses are 
otherwise almost identical lhe lanthanons were regarded as all trivalent 
dl lculating ole ‘ d ionic ratios the average molecular weights 


show ble } vere ne Strontiul was pres 


ill sample Sal d was 
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ded cs ¢ Y | . | lhe lead was ssumed to be radio 
venti 1 was included witl rat Scandium was also included with 
the lanthanons and u i while indetermined”’ was regarded as Al. 
d included with Ti, \ dr 
| deter vw the obable distribution of the ce nponents w thin the 
init cell, use was made of ionic radii and known affiliations Phus, Pb, | 
| Y, th, Se, Ca dS re usually grouped together as are Ti, Cr, V and 
\l he position occupti iby Fe and M s doubtful since they could enter 
to either position on the basis of atomic rad 
lhree iSes therefore be co sidered lor the distrib ith ol the ator 
depending on the positior Hotted to Fe. Mr 
| idditio 0 occu y positions in either of the groups contaming the 
other elements it s possible that the occupy a special position of their 
ow thus fort +} ’ 


! I ! ( I! l The possible irt 
lable 7 


invgements are shown 


T ( positiol di ited in case 1 ther It probabl bn 
ple oxides classified by Palache et al (7) as 


im Bn Xt 


from 2:3 to 3:5 


where m:n is 
This group includes ar 


zonite (Fesli,Qs) and bra 
monly being found 


nerite, the latter com 
close association with davidite in South Australia 
It is interesting ilso that if the formula for arizonite is written with all the 
ron in the ferrous state, it then becomes 


which closely re 


sembles that proposed case 1 for davidite 
In the ibsence oraqau titative dat i relating to the compos to ol the 
init cell, it is not possible to decide o particular irranye ent and 
either of the other tw proposed formulae may be correct 
Che cor parat vel \ ea value for group \ in cases 2 and 3 could be 
due to several factor The i Ipurities the davidite samples venerally 
consist ot iro ind tit m-bear 


erals and this would result ir 


relative incre c totals for the other 


groups ty the other 





exit nit deflec ih structure due to repl cement of two 

itoms of trivalent lant ons by one of quadrivalent uraniun 

CONC] I | 

Kesu ( ‘*s dicate that davidite ~ homoveneou 
eral which u e lanthanons are isomorphous: replaceabk 
s are probably tita diu chromium and alumi No defi 
te ompositi cs be proved owilny to uncertainit' of the positio occupied 

a ro but davidite ( ld be related to irizonite ind branner te 
The results do t support the theor idvanced by Whittle that davidite 

5 heteroge cous |! xture of rutile with one or 


more ft idioac tive constitu 
ents 
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EXTRACTABILITY OF HUMIC ACID FROM COALIFIED LOGS AS 
\ GUIDI rO TEMPERATURES IN COLORADO 
PLATEAU SEDIMENTS 


RVING A. BREGER AND JOHN C. CHANDLER 








(« tie y ] ‘ ediment of the Colora 
Plateau ve been ¢ to alkaline ground tet Extraction of hum 
mae un t temperature dependent Study of residual 
mi ‘ te hed logs ndicated that tet perature up 
t but not F 171 ( revail n the ed ent tT} , . uw 
temperature ¢ th that to be « ected from geothet oT ent 
ft tir te 1 ‘ { ‘ ¢T ‘ 
rRODUCTION 
VIANY the exploit , assets dep te fF the United State ccur it 
[riassi ind Jurassi ediments of the Colorad Plateat [ree trunk 
brat hes und VC ly If ments ill of whicl | ive beet i re 1 to the yeni 
ly mcari n (6 WeTE buried im these « liments ind ly equent y cot 
verted into lignite, subbituminous, or hig! latile bitumit \ coal. It is 
reasonable to assume that lification was essentially complete for Triasst 
7 
wood during Triassic time, and for Jurassic logs during Jurassic time 
Although there are differences « pinion, a considerable body of geologica 
ind geochemical ev ence ndicates that uramiun is introduced into the 
' 
sediments not earlier than during Late Cretaceous time (7, 9 \ preliminar 
t i a? t} 1< ( alifie nad 7< ré ator t iraniul } ilre id leer 
( mpleted (1 
Ther oe es oe stot tema Sa oe Fo ‘ 
ere 18 a I eV f na ral rocjuce iny part 
of the Colorado Plateau it kaline solutions Observation re-entrants and 
| | | 
ol secondary oT vt} t lartz grain y* int t solutio4# imi redepositior at 
silica. Strong evidence r alkalinity is derived from uramium-bearing 1 
} 11 | 
pregnated sandstone mmonly called iraniferou isphaltite where 
solution of silica ( ery t r preci tation of organi matter ecimning! 
‘ : 
ccurred sim ‘ 1 t ‘ im 1 pre nm ot quartz rep er ! ryan 
atter It ' pr } r the iramniu irried n the iT! ' rae 1 
carbonate ple rn ¢ ‘ y} Na [UO (CO , 
\ } pre ee t tec nt | i luti ' cart ng i "1 pi 
rat irbonate ' t ] environment where the pH etween 2.2 7 
und 4.5 w re t r position the complex ar ibsorptior rf the 
urany! 1 > lf the ranium-bearing solutior 1 nonuranifer 
ilkaline gT ind vate, ere t ntact the ilified we if ele it¢ | te pera 
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ture the heated alkaline solution would undoubted! li lve nd ret é 
from the coal any available humic acid With this in mind, studies have beet 
conducted to determine the quantity of humic acid still present in coalific 
logs containing various percentages of uranium in an attempt to establish the 
maximum temperatures to which these logs and the enclosing sediments wer: 
subjected Obviously, any conclusions from this work would be based on 
implied contact of alkaline solution with the coal Broad initial occurrence 

calcite in the eciment nd « idence r its § bseq ent redi tribution 
however pre le at ple Idit nal evidence t long tert ulkaline conditiot 

SAMPLES 

\ number of restrictions were placed on samples to be used for this stud 

\s noted he low, the 30 gran requirement in mediately limited the specimet : 


to those for which sufficient material was available Moreover, only those 


samples with rank equivalent to high-volatile A bituminous were chosen in 


\ 
order to eliminate variabilities in results caused by variation in rank. One 
exception to this restriction is to be found in sample H, the equivalent rat 
of which ts high-volatile B bituminous The slight difference in rank betweet 
this sample and the others was disregarded inasmuch as this represented one of 
the two samples with high uranium content available in sufficient quantity 
\s shown in Table 1, uranium contents for the first seven samples ranged 

from 0.0005 to 7.54 percent Samples G and H, which had the highest per 

entages ot uranium, also had extremely high percentages of organic sulfur 
(6.51 and 9.92° respective Sample J Table 1] 1 high-volatil 

\ bituminous coal fr ntuck irried through the experimental procedure 





the ( hinle rort t I lr 1 ere lle te mM uraniu mine the 
Temple Mountain are San R el Swe Emerv Count L tal S ple G 
was taker Iron the | Str U . 2 ! nm the vest le the Sal 
Rafael Swell ind r t ted t the ipbove r unples 

Samples D, | nd F were lected in uraniu sunken n the Salt W 
indst ne memper;r the ANE Tr? 1 rmation Tur =< 

049 , ' ‘ , : , 

\ implies us¢ were noxidized coahhed w ( 

| i¢ specime! was } T ly ke | where necessary t¢ rel Vi ‘ trane« 
mineral matter and ther rushed to fragments smallet than 1 incl These 
piece were ire y ¢ mine t idhering minera matter ' +] irtz 
pyrite nd mie leite vhicl vas removed using a mall rinding t 
equipped wit! I e wheel. Care was taken to prevent rat 
winding 2 ores » tants the ! After cleaning. the , 
crushed to pass 1 ¢ reel nd quarter ( rv plit P } unple 
ubmitted to the | S. Bure Mines r standard coal ana s, and the 
remainder wa ‘ r uranium analysis and r the experiment rk 
cle scribed be . 
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glass fiber filter pad, was returned t 
the flask, additional 0.1 N sodium hydroxide was added, and a second 


extraction was made at 110° ( Che identical procedure was carried through 


The wet filtered coal, including the 


it’ 120°, 130°, and 140° C, the maximum operating limit of the autoclave 
Runs at 150° C were carried out using stainless steel pressure bombs wrapped 
in heating tapes and placed on an oscillating table to assure complete contact 
between the coal and alkali [he temperature of the contents in each bomb 
was measured by a thermocouple inserted in a well in the bomb wall. The 
limited capacity of the high pressure vessels made it desirable to divide each 
sample into two equivalent portions, each of which was placed in a separate 


bomb 


TABLE 2 


MILLIGRAMS 0 MI Acip EXTRACTED PER GRAM 
(ORIGIN al VARIOUS TEMPERATURES 


4.14 
1o9 
1 « 
2.40 
2 61 
OOo 
1.26 
1.71 


ou) 


The strength of the alkaline solution used for extraction in the laboratory 
is undoubtedly much greater than that which prevailed under geologic con 


ditions Che purpose of this study, however, was to extract residual humi 
| 


icid from the coal samples, and for this reason it was desirable to use a 


minimum volume of solution that would effect maximum solubility of the 


humic substances 
\liquots of each extra , 110°, 120°, 130°, 140°, and 150° ¢ 
were analyzed for orga rbon by the permanganate oxidation technique 
lowing his procedure and conversion curve, 
umic acid extracted per gram of original coal 


was carried out at least in duplicate Data 


lo verify the facto commended by Kreulen for conversion of organi 


1 


carbon to humic acid, an analysis was conducted on a sample of humic acid 
isolated from peat fron Cedar Creek Bog, Anoka and Isanti Counties, 
Minnesota is humi id contained 57.17 percent carbon and 4.43 percent 
hydrogen o1 nostur 1 ash-free basis \ sample of the material con 
’ 1; 


DaASIS Was CIS 


taining 6.5 moistu d 5 


/ 


percent ash on a moist 


f M 
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solved in alkali to prepare a solution containing 1.0 g of as-is humic acid 


per liter. Corrected for moisture and ash, this solution actually contained 
ry of humic acid per liter Aliquots of the solution were analyzed by 


‘ 
> t 
" 


Kreulen’s technique to yield values of 0.90, 0.91, 0.90, and O.88 grams of 


(1) XS 


humic acid per liter, giving an average value of 0.90 and an absolute accuracy 
of 2 3 pe recent The at ilvtn al method was therefore, considered adequate for 
these studies 


SCIUSSION A 


ND SUMMARY 


Because low rank val ntains acidic constituents, treatment with alkali 
at any temperature should result in the extraction of some part of the coal 
substance Extraction at 100° C should, therefore, remove all humic cor 





° 
”~ 92 
e O 
ji? 
Tay 
az 
-2 EXTRACTION 
=) ¥ 
od . 
xe BREAKDOWN 
”- = 
xz \ 
w \ 
e \ 
\ 
i. EE -_ — ——— See —— 
100 ———_—$—$—_—_> 
TEMPERATURE ,°C 
] If l \ the ret il curve for extraction oT coal 
stituents soluble up to that temperature Continued extraction at 110° ¢ 
will then dissolve those coal constituents soluble at 110° C but not soluble at 
100° C, a relatively smaller quantity \t some higher temperature, the alkali 
might be expected to effect chemical changes in the coal structure leading to 
molecular breakdown an ncreased extractability The features of a 
theoretical extraction curve are illustrated in Figure 1 As shown in Figure 2 
the extraction curve for sample J, a high-volatile A bituminous coal used as 
a standard, follows this pattern very closely Were this coal pre extracted 
1 situ by an alkaline solution under natural conditions, then the large amount 
of extractable humic matter normally present would have been removed and 


the curve would have been « x pected to take on the shay shown for san ple \ 


It is apparent that sample A has been pre-extracted under natural con 
PI 
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ditions at 100° C with removal of most of the coal substance normally solubl 

at that temperature leaving only 2.06 mg/g (0.206 percent) available for 

extraction under the experimental conditions used Although the shape 

the curve makes it seem unlikely that any appreciable extraction had occurred 

at 110° C, it is not possible to determine from the position of the point along 
, 


the ordinate at 110° C for sample A if this sample had been extracted at that 


70 


on 
oO 


pS 
oO 


Ww 
oO 


™m 
(2) 


om 
~ 
oO 
E 
= 
O 
a 
L 
= 
“a 
ae 








110 
TEMPERATURE, °C 


ctability t san ples \. B.C, and J by 


it cannot be stated with assur: 


alkaline solutions at 110° C, and 
which the coalified log had 


1 


vas above 100° C, but prol 
analysis of the curves for samples B and ¢ 
( Fig material extractable at 100° and 
110 ( can Int | ted t : vy tl it ti mples were ~ 
| 1] bly lower than 120 


1 under 


natural 








extractability of sample D nearly identical to that of the standard coal 
sample |) and indicates that this coal (D) was probably not extracted at all 

Sample F appears to have been extracted to some extent at 100° C or he low, 
ut certainly not er that temperature These two samples are from the 

ime mine and the data with regard to temperature correlate particularly well 

San ple E, from the Virgin N« 3 mine ippears to have been strongly 


extracted im situ at 100° C, and may have been extracted at 110° C. Indica 








tions are that coals G ar H may have been pre-extr icted at temperatures up 
to but not over 100° ¢ 
P 
-_ 
¥ 
a 
. y 
« » a 
= \ 
- * j 
, 
a 
| 
> P ~~ 
" 4 « 
TEMPERATURE ° 
en 9 oo ed es D, E. F.G. H_ and 1 
Conclusions regarding the temperatures at which the coal san ples appear 
to have been extracted kaline solutions under geological conditions are 
immarized in Table Perhaps because the limitation in the number of 
samples available for 1 rk, it 1s not possible to recognize any clear 
re itor etween te neratiure ' urani ntent It is interesting he weve? 
that those ple ohest urat 1 ntents have the lowest indicated 
temperatures. It is p e that radiation from the uranium and its daughter 
products may have led to the rmation ot sufficient coal fragments of low 
lecular weight to 1 t in misinterpretation of the curves for umples G 
ind H. On the other ! there is nothing about these curves to indicat 
that the coals were ever « ed to temperatures above 120° ( Also, it must 
gain be noted t es G and H have unusually high organic sulfur 
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lead to incompletely understood changes in coal structure. These changes 
may well alter the extractability characteristics of the humic acid 

Weeks and Garrels (8) have pointed out that the Jurassic and Triassi 
sediments of the Colorado Plateau were buried under about 5,000 and 10,000 
feet of sediment, respectively, by the end of the Cretaceous. If a surface 
temperature of 20° C and a geothermal gradient of 1° C per 100 feet is 
assumed, temperatures in the sediments would be expected to approximate 
120° ( The temperatures indicated in Table 3 all lie below 120° C in 
keeping with the calculated temperature. Coleman (4), moreover, concluded 
from mineralogic evidence that temperatures lower than 140° C prevailed in 
the sediments 


TABLE 3 


SUMMARY OF TEMPERATURES OF SEDIMENTS AS INDICATED BY 
EXTRACTABILITY STUDIES 


0.0005 





0.009 





O.oO1s 





Oo O80 





0.14 





0.38 














Che limited number of coal samples available for the current study precludes 


any generalization regarding temperatures and uranium mineralization. If 
uranium is disregarded, however, it can be stated that the coalified wood 
samples studied have not been extracted in situ by alkaline solutions at 
temperatures above 120° ( Study of the coalified wood has resulted, 


therefore, in the establishment of a maximum temperature, by a completely 


new technique, that corresponds extremely well to that calculated from 
considerations of geothermal gradient and mineralogic evidence 
Chis work is part of a program conducted by the U. S. Geological Survey 


on behalf of the Division of Research, U. S. Atomic Energy Commission 


S. (rFOLOGICAL SURVEY 
WASHINGTON, D. ¢ 
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Economic Geology 


CURRICULAR AND PROFESSIONAL ASPECTS 


OF 
GEOLOGICAL ENGINEERING 


J). M. NEILSON, A. K. SNELGROVE, AND J. R. VAN PELT 


| 
TRAC 
The Geological Engineering curriculum, recognized for over thirty 
ears by the Engineers’ Council for Professional Development, is still 
suspect in some quarters because of its relative emphasis on basic rather 
than engineering science 
An interdepartmental committee of broad scope at Michigan Tech | 
pent a year on a critical study of the make-up of the curriculum ir 
question with a view to putting it on a firmer basis within the engineering 
protession as well as within the geological fraternity This articl 
endeavors to define adequately the scope and function of the Geological 
Engineer lo improve the integration of engineering and geology and t 
establish the validity of thi cipline, a quantitative portrayal \ ance 
of the impingement of eacl ! 


INTRODUCTIO? 
His paper ts 


the outgrowth of sti 
( olle 


dies recently undertaken at the Michigat 
ge of Mining and Technok 


gy in an effort to find 
problems facing Geological Engineering 


from 


solutions to certain 
These problems ar: 


compounded 
reservation formerly 


expressed by the 
for Professional Development? regarding its acceptance 
Engineering as a bona fide branch of engineering (2) the mis 

sometimes observed within the geological and th 


everal circumstances: (1) the 
Engineers’ Council 


ot Geological 


understanding 


mining 
engineering protessio1 Ss ol 


ae | 
f the relationship between Geology and Geological 
Engineering, and (3) the lack of an adequate definition of 
Engineering 


f Geological 
\n 


interdepartmental Committee on the Engineeri 


ng Content of Geology 
and Geological Engineering was established at Michigan Tech in October 
1957 to 


investigate these problems and to recommend possibk 
he Committee is composed of representatives of Michigar 


gical Engineering, Mining Et 


solutions 


Tech's Depart 
ments of Geology and Ge 


gineering, Civil 
Engineering, Physics, and Engineering Mechanics. Frank Kerekes 
the Faculty, and M. E. Volin, Director of the College’s I 
contributed to the ( 


Dean of 
nstitute of Mineral 
from time to tin 


Research, mmittee’s discussions 


- 

Phe paper may be regarded as an interim report f the Committe: It is 
the writers’ hope that the statements contained in it may serve to clarify the 
purpose and function of Geological Engineering as well as to provide a basis 
for future discussions 

Presented at AIMI M g ew York, | 8 i evise 

December 1 g 

This refe h f f r fringe curr a propose 

l th Educat } he esig 








Education Committee. t 
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~ENERAL CONSIDERATIO? 


current stat { Geological Engineering has become a matter of 
g ~~ 


to AIME’s Council of Education and its Geological Engineering 


llege and university administration and teaching 


divisions, and to many individuals in the geological protession. It is not too 
much to say that certain disquieting developments have brought about a state 
of apprehension in several quarters Many of Geological Engineering's 
difficulties seem to stem from uncertainty as to its scope and the failure of its 


practitioners to define its function 


Several persons influential in ECPD have either voiced or implied their 
doubts 


as to the validity of Geological Engineering as a branch of the pro 


onal d ot engineering [he stated primary objective of ECPD is to 
enhance the status of the engineering profession by various methods of 
mproving the selection, guidance, training, and recognition of the members 
f the profession \ccreditation of engineering curricula is an important 


carrying out this objective and, to date, nineteen Geological Engi 


curricula have been accredited. Future accreditation procedures may 


ate Geological Engineering from the recognized fields of engineerit g 


~ 


those who practice it take effective steps to justify its retention 


loubts about Ge gical Engineering typically are based, not on any 
n as to quality of instruction, but on the feeling by some that the 
ila do not contair sufficient engineering emphasis and sequencs 


his connection, the ASEE Committee on Evaluation of Engineering 


Education proposed, in its final report (3), the quantitative structure of 
curricular content as related to the objectives of engineering education 
In harmony with these proposals, ECPD ad pted its “Additional Criteria,” 
which in their revised form (2) constitute a useful guide both to curricular 
content and to the sequential relation hip of the various parts of the 


curriculun 


Fortunately, the Additional Criteria contain ample flexibility to accommo 


true engineering curricula irrespective of fields of specialization It is 


oped that accrediting committees give full heed to this flexibility when 


judging the time devoted to engineering sciences and engineering analysis. 
desig ind systems The Geological Engineering curriculum mav well 
substitute subjects more directly related to its area of professional interest 
while still maintaining the essential characteristics of all engineering programs, 
and specifically the ability to design. Thi aspect of the Geological Engi 
neering curriculun discusses tet 

\ major factor contributing to the lack of ippreciation by members of the 
engineering profession of the training and functions of the Geological Engineer 
is our failure to provide an adequate explanation of our specialized endeavor 
We—as Geological Engineet must assume responsibility for this omission 
ind we must establish the place that the 


Geological Engineer occupies in the 


engineering scheme of thir 
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rile § GEOLOGICAL ENGINEERING 


It has been said (4) that more confusion and misunderstanding concerning 
the relationship between Geology and Geological Engineering exist within the 
geological profession than outside it. The truth of this statement became 
apparent during the first few meetings of the Michigan Tech Committee whet 
several of our non-geological colleagues were more willing to concede at 
engineering counterpart to geological science than were some of those more 
directly associated with geology 


\ctually, the distinction between Geology as a science and Geological 


i i 


Engineering as an engineering discipline has long been recognized in the 
t 


separate curricula in these fields as found in many institutions of higher 


education 

Some of the confusion within the geological profession may stem from the 
“pure” geologist’s aloofness to the pragmatic approach of engineering analysis 
Certainly the specialist in paleontology or theoretical mineralogy has little 


contact with engineering although engineering principles occasionally may be 


introduced even in these branches (cf. “Experiments on Relative Streamlining 


of Coiled Cephalopod Shells’) (5). 

Our interdepartmental Committee agreed that certain aspects of mineral 
industries development and civil engineering construction require specialized 
applications of geo for their successful execution. It is our thesis that 
these specialized geologic applications necessitate, or at least provide a proper 

an engineering base as well as a scientific one 


One of the chief functions of the Geological Engineer in the mineral 
industries field is to design and execute comprehensive programs of explora 
tion for mineral deposits. In many cases his responsibilities may continue 
beyond the several phases of exploration to participation in development and 
production planning \dvances in field applications of geophysics, geo 


chemistry, and photogeology together with new methods of mineral extractior 


and ore beneficiation require men trained in the application and interpretation 


1 


of these various methods and techniques. This training must go beyond the 


scope of the science or liberal arts geology curriculum and it should include 
specialized training in engineering disciplines. In this connection, > engi 
neering aspects of miner il exploration have been reviewed at some length 
by Forrester (6 


Similarly, the engineering geology branch of Geological Engineering must 


~ 
! 1 


be based upon a sound ] ] 


knowledge of geological science and a broad under 


standing of the engineering properties of geologic materials of all kinds. This 
specialized knowledge applied to the siting, planning, and design of engi- 


ru 
neering works and to the selection and behavior of natural materials in all 
manner of civil engineering activities 

Specialized applications of geological science and engineering may lb« 
envisaged in several other areas such as geohydrology and military engineering 
but these are mainly from the larger fields of mineral resources 


development and civil engi gy construction 
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DEFINITION OF GEROLOGICA ENGINEERING 


It is clear that Geological Engineering involves more than application of 
geologic principles to the solution of engineering problems and, conversely, the 
application of engineering principles to the solution of geologic problems; it 
should also comprise an integration of the two applications 


With this purpose it 


ind, our Michigan Tech Committee proposes the 


2 . . . 
following definition of Geological Engineering 

Geological Engineering is that profession in which a knowledge of qeologica 
sciences and engineering fundamentals gained by study, practice, and experience is 
applied to the exploration, development, and utilization of mineral resources, and 
to the location and construction of engineering projects for the benefit of mankind.” 


Geological Engineering deals primarily with natural forces and materials 
and it involves evaluation and correlation of all pertinent data concerning 


them: it also involves synthesis of this information for design purposes 


All of this is implied in the foregoing definition 
Geological Engineering, as the definition suggests, operates in 

a. Mineral exploration, development, and production; regardless of 
whether the product be metallic, nonmetallic, or fluid 

b. The construction industry, where it is concerned with the selection 


and behavior of rocks, unconsolidated sediments, and soils in projects 
involving surface and subsurface excavations, foundations, slope 
stability, erosion control, drainage, irrigation, groundwater, highway 
subgrades, and many others 


c. Other related fields 





Our definition is patterned after ECPD’s definition of Engineering (7 
and carries it specifically to Geological Engineering as a profession by 
delimiting the field of specialization 


\t about the same time that the Michigan Tech Committee was formulating 
the foregoing definition, a special committee on Geological Engineering 
Education of the Council of Education, AIME, was also engaged in defining 
the field 

The AIME committee submitted the following draft to the Council of 


Education, and the draft is awaiting action at the next meeting of the Council 


Geological Engineering nsists of the joint application of engineering and 
geological principles to the problems of analysis and design in those engineering 
activities directly related to the earth, its materials, structures, and forces 

1. As a branch of engineering, geological engineering 

a. Deals with the materials and forces of nature for the benefit of man 
ls built not o* n the basic and engineering sciences ymimon to all 


cnaineering branche it also on other sciences appropriate to its specia 
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lj hee mer f analysis and design, which includes such activitt 
lesigning methods and procedures to be used in exploration for and 
levelopment and production of economic deposits This concerns the 
ndividual items or components and the larger units or systems involved 
’ Geological engineering operates in 

1. Lhe mining and petroleum industries, where it is concerned th exf 
ration, development, and research 

b. The construction indust» where it ts concerned with bed rock, uncor 
solidated sediments, in transport as well as deposited, and soil 
Hydroloay here it concerned with ground water, surface water 


crosion, sediment transportation and deposition 


lhe points of agreement between the two definitions are important 
] Che \ both imply I integration of geological sciences and eng 


neering fundamentals, not merely their co-existence in a curriculun 


2. They both state that geological engineering is applied in two fields 


> ‘es 
1 


mineral industries and civil engineering structures 


The most obvious pomt ot difference is the separate col sideration of 
“hydrology” (very broadly defined) in the AIME definition. In the Michigar 
Tech definition, this field is implicitly included in civil engineering works 


\nother difference is that the AIME definition specifically covers applica 
tion to “problems of analysis and design,” while the Michigan Tech definition 
only implies such applicati 


MENCLATURI 


] 


It may be appropriate at this point to distinguish between Geologica 
Engineering and engineering ver 


led to much confusion both within and without the geological profession 


i 
logy Che similarity in nomenclature has 


( e0lOg i il I: ngineering reters toa type of professional training which embraces 


—_ 


both the earth sciences and the e1 gineering sciences, and it is al plied in botl 
the mineral industry and the construction industry The term “engineering 
geology” should be limited to the specialized application of geology in the civil 
engineering field and its related branches. It may be mentioned that The 


Geological Society of America has an active Division on Engineering Geology 
The division’s Teaching Aids Committee (of which the senior author is a 
member) defined the area of specialization in its 1957 report (& Phe reacet 


is referred to this source for further clarification 


There is also some confusion regarding nomenclature in the mineral 
industries area of Geological [Engineering “Applied geology,” “mining 
geology,” “petroleum geology,” and “mineral exploration” have been various! 
applied to this area of geologic specialization, but these terms also have beet 
used synonymously with Geological Engineering. It would seem preferabl 


to use the term “mining geology” for geologic applications in the mining 


g y 
industry This terminology is well established (6) although the meaning 
has not always been in the same sense. “Mining geology” also has the 
advantage of providing a definitive contrast to “engineering geology.” 
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rit IMPINGEMEN oO} ENGINEERING ON GEOLOGY 


our Committee on the Eng 


(One oft the principal object ves Oo 


P 
Content of Geology and Geological Engineering has been to explore the 


ineering 
impingement of engineering on the geologic field. It was decided after pre- 
liminary discussion to investigate this first in a general way and later in a 
more detailed manner by scrutinizing typical geological courses as they are 
now taught with a view to finding out how engineering principles might be 
incorporated with the geologic subject matter. It was foreseen that this 
might lead in the future to a better integration of engineering and geology 
within certain subject areas 

To date, the Committee has comple ted an analysis of the possible influence 
of engineering on the principal areas of geology. It is not a final analysis 
but it may be worthwhile to present the interim results 

The Committee employed a numerical rating system to show how basi 
sciences and engineering sciences, skills, and fields impinge on the major 
geologic subdivisions of geological science, field geology, and geological engi- 
neering. Each committee member rated the engineering topics shown on 


the left side of the chart in Figure 1 as to their influence on the geologic 


subjects across the top of the diagram. The procedure was to evaluate each 


topic on a “1” to “3” scale: “1” meant that the engineering influence was 
either non-existent or only of incidental or supplementary value; “2” implied 


that the engineering aspect was desirable for teaching purposes ; and “3” meant 
that the engineering aspect was indispensable to the adequate teaching of 
the geologic subject 

The numerical ratings were totalled and averaged, and the results are 
shown in Figure 1. For graphical presentation, the ratings “1,” “2,” and 
“3” are portrayed as blank spaces, open circles, and solid circles, respectively.* 

The basic sciences are of about equal importance in the geologic fields 
(Fig. 1). Mathematical training beyond trigonometry and analytic geometry 
is desirable in several areas; differential equations appear to be of importance 
only in the field of applied geophysics ; an understanding of statistical analysis, 
including probability theory, is desirable in several geologic areas where 
quantitative studies are receiving greater attention 

General physics and chemistry are really fundamental to the proper 
understanding of geologic processes as implied in our rating of these sciences 
The related fields of special interest, geophysics and geochemistry, are cor 


sidered to be necessary in the teaching of petrology and economic geology and 


to be of great importance in the successful utilization of their field applications 


In mining geology 


rhe impingement of engineering sciences and skills also is shown in 
Figure | Knowledge of the nature and properties of materials (as taught 
by Michigan Tech's Department of Engineering Mechanics) is of moderate 
importance in physical geology and of prime importance in structural geology 
4 Be P erages of the opit f many ir luals, the 
lo not nece " } s I he i rating of spensable i 
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and in descriptive petrology This engineering science may also be extremely 
important in the field of engineering geology Statics and dynamics find their 


greatest application in certain parts of engineering geology 


Fluid mechanics is fundamental to the proper understanding of the 
occurrence of petroleum and groundwater, and in the utilization of exploration 
and recovery techniques for these two resources. Fluid mechanics also is 
important in understanding the behavior of some soils in construction work 
as well as in the application of certain techniques of foundation treatment 

Thermodynamics * appears to have relatively little bearing in the geological 
sciences and in geological engineering. Likewise, transfer and rate mecha 
nisms, and (except for application in applied geophysics) electrical theory, 
fields, and circuits, and electronics have relatively little impingement on 
geological sciences and geological engineering 

The subjects of rock mechanics and soil mechanics, although not usually 
included in geologic curricula, appear to have considerably greater importance 
to geology than some of the foregoing engineering sciences. Their desirable 
impingement is apparent in both geological science and geological engineering 
The growing recognition of this relationship is expected to lead to better 
coverage of these fields in geological engineering curricula throughout the 
country. 


| 


Engineering graphics and 


descriptive geometry were classed as engineering 
skills in this study Their impingement ranges from supplementary to 
fundamental importance in most areas of geological science and field geology 
Plane surveying is particularly important in field geology and in geological 
engineering. Photogrammetry is important in field geology and in geologic 
interpretation of air photos 
An understanding of sampling and assaying methods and 


basic to economic geology and the specialized area of mining geology 


tec hnique S 1s 


Figure 1 also shows the possible impingement of the mining, metallurgical, 
and civil engineering fields on the various components of geological science 
and geological engineering 

Metallurgical engineering subjects impinge at least to some extent on 
mineralogy, petrology and petrography, economic geology, and on the evalua 
tion of mineral deposits. Their influence is very slight in engineering geology 

Mining engineering and civil engineering impinge very specifically in the 
Id 


reological engineering field wherever knowledge of mining and constructiot 
£ £ 4 k 5 


methods is useful, or wherever an understanding of the usage and behavior 
of natural materials is required, or whenever special economic considerations 


of an engineering nature enter into a geologic problem 


rut ALIDITY OF GEOLOG 


CAL ENGINEERING 


The results of the foregoing survey of the impingement of engineering o1 


geology are qualitative rather than quantitative in the true sense. This is 
Thermodynamics sed here refers to the mechanical engineering treatment of the 

subject with emphasis ' [ ator f the gas laws t prime t ers and other mechaniatr 

t is understood that the Geological Engineer will gain an adequate knowledge of cher 
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because the Committee ystem of rating was an arbitrary one de signed for the 


purpose of presenting its findings in graphic form. Nevertheless, the results 


clearly shi that the understanding of engineering concepts generally is 


essential for a fully rounded academic program in Geological Engineering 
rhe understanding of engineering principles is to be gained through the study 


of various engineering sciences and selected subjects in the fields of mining, 
metallurgical, and civil engineering 
The possible impingement of specific sciences and subjects has been dis 


} 


cussed In summation, it may be stated 


that knowledge of mathematical and 


physical sciences is implicit since they form the basis of all well-organized 


curricula in both Geology and Geological Engineering. The influence of 
engineering skills is about equally divided in the three geologic subdivisions 


but the influence of the engineering sciences is greater in geological engineering 
| science. The overall influence of the specialized engi 


than it is in geologica yl 


neering fields generally is less than is the influence of the engineering sciences 
and skills, but the impingement of particular engineering subjects is quite 


1 1 


marked in geological engineering applications pertaining to mineral exploration 


and civil engineering constructiot 

he impingement study suggests that some segments of the engineering 
sciences might well be deemphasized in Geological Engineering training in 
favor of other sciences and engineering subjects that appear to be more 
closely related to geological work It is especially at this point that the 
flexibility provided for in ECPD’s Additional Criteria should be wisely applied 

he impingement study further demonstrates that there are many points 
where engineering concepts can and should be integrated into geological 
subjects in undergraduate courses Much of this integration has already 
occurred in the better Geological Engineering curricula. More is possible, 
ind when accon plished will greatly enhance the validity of Geological Engi 


neering. Our definition of the field would then be better realized 


So much for the subject matter and its integratiot Let us turn now to 
iunother source of misunderstanding This is the extent to which the concepts 
and practice of analysis and design enter the Geological Engineering 
curriculum 

Analy 1S, broadly six iking, mav be taken to mean the definition of a 


problem, its breakdown into its several parts, and the collection and classifica 


tion of data for each part. Design picks up the end product of analysis, 


interprets it in the light of natural law, economics, and other relevant factors 


and produces a workable plar 

This sequence of operations is readily understood in the context of planning 
ind designing a bridge, an electrical generating station, or a tactory It is 
equally applicable to enterprises involving geological engineering, but appears 
to be less well understood by many engineers not directly concerned This 
idea was stressed several years ago in a paper by Shenon (9 \n example 
of geologic analysis and design may help to clarify this point 

{nalysis and Design in Iron Ore Development.—The successful exploita 


tion of the iron ore deposits of the L.abrador-Ouebec region by the Hollinger 
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Hanna is terests was the cul: imation of nearly a score of vears of systen it 


arge scale, geok vic al alysis and desigt (10 


The Labrador Quebec region was little know prior to 1930 althougl 
\. P. Low of the Geological Survey of Canada reconnoitred parts of the 
region in 1892-95 and reported iron formation occurrences re sembling those 
tf the Lake Superior regiotl By analogy with the wide spre id distribution 


tf ores in the Canadian Shield, it was reasoned that the region merited 





prospecting tor various types of metallic and c mineral deposits (11 
» } 1 | ] 
space forbids discussion of company tormation and organizatior It will 


suffice to state that the Newfoundland Commission of Government granted a 


prospecting concession of ver 20,000 square miles to the Labrador Mining 


ind Exploration Company in 1936 \n adjoiming concession of 3,900 square 
miles in New Quebec was acquired in 1941 by Hollinger Consolidated Gold 
Mines, Limited, which had purchased the labrador Company The first 
Hollinger-controlled exploration commenced in 1942, and in 1942-43 the 


M \ Hanna Company } ined forces i the project 


Under the terms of the concessions portions of the area were to be 
progressively relinquishes to the Crown and, therefore, one of the prin ipal 
problems facing the Hollinger-Hanna technical staff was t plan their geologic 





exploration to permit judicious rejection of less promising ground Thus the 
main purposes of geological work were 1) To find and develop enoug! 
ore to justify bringing the project into production, and (2) to learn enoug! 
about the concessions to permit selection in the time available of the best 500 
square nuiles—from an iron ore stand point or sub-leasing” (10 
The complexity of the problem at the start was immense due to a variet 
ot tactors including the carcityv ot geologic il inforn ition. the 1 n-existence 
4 topographic maps, and the unavailability of aerial photograpl The lacl 
t navigable rivers, roads, and communications in posed further obstacles 
Preliminary efforts were directed to aerial sketching for planning purpose 
and ground surveying using stadia, range-finder. and con pa traverses t 
provide control for the nstruction of base maps Dhese aps were used 
for geologic reconna nce mapping of lithology and stratigraphy along 
plotted traverse lines. Prospectors searched the area for leposits of precious 
and other metals and thev examine uutcropping iron ore Constructiotr 
1 regional geologic mart ised on this early work permitted interpretation 
f structure and stratigrapl ind materially guided later exploration 
Exploration gradually evolved into a systematic pattern under the direction 


f the permanent geological engineering staff and definite procedures were 


established for the different pl ises of the inve Stigations 


The period 1945-1950 was one of concentrated exploration effort directed 
to the objectives of (1) proving a minimum 400 million tons of direct shipping 
open pit, iron ore as a prerequisite to production and (2) eliminating 
unfavorable parts of the concession are 

The program of ore development and ground selection was directed by the 
geological engineering staff rhey sited all drill holes, test pits, and test 
shafts. They logged all the drill core, and also supervised all sampling of 
drill holes and undergrou: d surface working Phe irected tests t 
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determine the structure, specific gravity, and moisture content of the ore, and 
they made field tests to determine volume factors for tonnage calculations 
In addition, the geological engineering staff conducted ground geophysical 
surveys of selected areas. They also set up a photogrammetric section and 
prepared accurate base maps of all potential iron ore areas, using air photos 
taken from company aircraft 

Interpretation and evaluation of exploration data were carried on during 
this period and at an increasing pace until 1952 


mapping, metallurgical sampling and testing, and classification of ore resulted 


The detailed geological 


in a reserve figure of 418 million tons of direct shipping ore by the end of 1950 
Thereafter, some of the staff were diverted to studies of the amenability of 
marginal ores to beneficiation, and others commenced planning studies for pit 
layouts, location of treatment plants and railroad loading spurs, and many 
other design tasks related to the development and production phases of the 
project 

The achievement of developing this tremendous reserve of iron ore and 
attaining a current production of around 12 million tons yearly rests firmly on 
geological engineering. ‘The logistics, deployment, and methodology in con 
centration upon ore targets and the proving up of world-significant quantities 


beneficiating iron ores in Labrador-OQuebec 


of both direct-shipping and 
demonstrate analysis and design of a peculiarly geological engineering nature 

It is doubtful that the geologists involved in these studies were particularly 
qualified in some of these phases of the mineral industries when they left 


college and this points up the “practice and experience” components of our 


' 
definition of Geological Engineering. It further emphasizes the interdepen 


dence of ore microscopy and mineral beneficiation, and the interrelationship 


of economic geology, economics, and engineering 


CONCLUSIONS 


The foregoing discussion leads to several conclusions: 
First, the purpose and function of Geological Engineering have been 
reviewed. There seems to be no doubt that this is indeed a valid field of 


specialized engineering endeavor within the limits of the mineral industries 


and the civil engineering construction field 


Second, it was pointed out that this specialized practice necessitates an 


1 


integration of the geologic sciences and engineering principles during academic 


training. The impingement study carried on by the Michigan Tech Com 
mittee emphasizes this fact, and it shows clearly where the integrational 


aspects mav be best cle veloped 


Third, analysis of pingement of engineering on geology indicates 
how a better curriculum in Geological Engineering may be constructed. 

Finally, the mz lysis and design is a critical one in the assessment 
of the validity of Geol al Engineering. There is ample evidence that the 
geological engineer uses the techniques of engineering analysis and design 
but the problem is to make this more widely understood 


It is hoped that this paper dealing with an assessment of Geological Engi- 
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and academic ; mi generate further 


to the vitality of this engineering field 
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SCIENTIFIC COMMUNICATION 


RADIOACTIVITY OF ALUMINUM METAI 
I. A. S. ADAMS AND K. A. RICHARDSON 


During a recent study of the thorium and uranium concentrations in 


mauxites (2, 5), it was found that in the processing of bauxite, much of the 


thorium and uranium is concentrated into the red mud 


contains very small amounts of these elements. For this reason, aluminum 
metal might also be « x pected t 


to have rather low radioactivity. The radio 
at . ; ; 

ictivities of a number of aluminum samples were measured by alpha counting 
and the results are presented in this paper 


} 


, and calcined alumina 


Table 1 gives the gamma ray spectrometer data on Surinam material 


balance samples \dams, Richardson, and Templeton (2) give the pro 
cedures. These samples, obtained through the courtesy of the Aluminun 
Company of America, consist of Surinam bauxite, calcined alumina, red mud, 
ind classifier sand, from the East St. Louis alumina plant Some of the 
vamma ray determinations were verified by chemical analyses, indicating that 


the thorium and uranium are in equilibrium with their daughter products in 


the bauxite and red mud samples The results in Table 1 show that more 
than 80 percent of the thorium and uranium in the bauxite is concentrated in 
the red mud, and less than 5 percent of these elements is extracted with the 


| alumina contains 4.9 ppm of thorium and 0.3 ppm of 


alumina. The calcined 
in alpha activity of 0.054 counts per hour per square 


uranium, and has 
centimeter A sample of alumina produced from Arkansas bauxite has an 


ilpha activity of 0.039 counts per hour per square centimeter. These alpha 
activities were measured a few weeks after the alumina was produced 
Counting of the same samples approximately two years later indicated an 


increase in activity of approximately 100 percent, but this apparent change 
may have no statistical significance 
The alpha counting technique that was used in this study is the same as 
that described by Adams, Richardson and Templeton (2 The powdered 
a 


material balance samples were counted in a 2 inch diameter planchet with a 
depth of 4 inch The alpha activities of the aluminum samples were measured 


on metal discs of the same diameter and thickness as the planchets 

The metal samples that were studied included 7 modern aluminum samples 
in varying degrees of purity, 3 samples of aluminum produced 30 to 40 years 
ago, and three National Bureau of Standards aluminum alloy samples. The 
alpha activities of the samples are listed in Table 2, with more detailed sample 
descriptions Che statistical error in these low level measurements ranges 
ipproximately fror 0 1 90 percent of the measured activity 


(hi) 








WM 


TABLE 1 


THORIUM AND | NiUM DATA ON SURINAM MATERIAL BALANC! 


Bauxite 
Calcined alumin 
Fine red mud 


( lassifer san 


The average alpha activity of the seven relatively recently produced metal 


samples, KR-45 to KR-51, is 0.089 counts per hour per square centimeter 


Measurement of the activities of these samples two years before the counts 
listed in Table 2 were made gave an average value twice as great However, 
the activity of the metal being only slightly above background, its apparent 
decrease is within statistical limits of error 

The gradational decrease in purity in the series of samples KR-46 through 
KR-51 does not cause a change, within statistical limits of error, in the radio 
activities of the samples \ sample taken from an anode of the electrolytic 


has a measured alpha activity of 4.3 counts 


aluminum purification process 
per hour per square centimeter. This is approximately the activity that 


would be expected for a sample containing 5 to 10 ppm of thorium and 


rABLE 2 


oF ALUMINUM METAL SAMPLES 


B.S. #601: 4.38% Cu 


0.020 Cr, 0.015% 7 


#602:444% Cu Mg, 0.130°, 
Cr, 0.012% Ti 


#603: 0.29° ( 


n 1920 


1.089 \luminur mples KR-46 t KR-S51 are 
0.14 b t ! series gr es trom 99.9", 
0.069 48 has the composition t 
0.11 
0.059 
0 ORD 
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uranium. (Gamma ray spectral analysis of this sample indicates concentrations 
of less than 1 ppm for both of these elements. The radioactive decay series 
must, then, be out of equilibrium. Because the sample is over two years old, 
the alpha activity must be due to a concentration of some of the longer-lived 
nuclides 

The National Bureau of Standards samples, KR-39, KR-40, and KR-41, 
containing 93 to 98 percent aluminum (see chemical analyses in Table 2), 


TABLE 3 
ALPHA Activities oF Some METALS 
Alpha counts per hour 

Materia per 100 cn 
Steel (commercia 3 
Brass (commercial 5 
Copper commercial 9 
Aluminum (commercia 31 
Tin (commercial 121 


exhibit alpha activities somewhat greater than the samples of modern 
aluminum. Probably the increased radioactive content was added to these 
alloys with one or more of their minor metal constituents. 

The three old aluminum samples, KR-42, KR-43, and KR-44, are two 
to eight times more active than the modern samples. This might be due to 
a greater radioactive impurity in the samples at the time of production, or 
to a build-up of radioactive daughters from a non-equilibrium condition 


TABLE 4 


Bera Activities oF Some METALS 


Beta counts per minute 
Material per 100 cm* 
Copper tubing 0.05 
Brass rod 2 
Steel scale 5 
Aluminum (2S 6 
Aluminum (superpure 4 
Lead (modern 11 
Lead (16th century 1 


Bearden (3) measured the alpha activities of materials commonly used 
in the construction of radiometric equipment, and some of these are listed in 
Table 3. Table 4 gives more recent measurements (4) of the beta activities 
of some metals. These data show that, although aluminum is produced from 
an ore with relatively high radioactivity, the radioactivity of aluminum metal 
is comparable with that of other common metals 
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DISCUSSIONS 


ALTERATION OF ILMENITE 


Sir; During the last three years there have appeared in Economic 
Geology several interesting papers and discussions (1-9) dealing with 
alteration of ilmenite, some of which tend to confuse the terminology, or give 
a misleading impression of the nature of altered ilmenite and other titaniferous 
materials. Some of the methods used and materials studied were quite 
similar to those described in a paper of which the writer was a co-author 
(10), and which Bailey, Cameron, Spedden, and Weege (1) very kindly 
described as being “noteworthy because for the first time, the results of 
chemical, X-ray and magnetic concentration studies are correlated with study 
of opaque minerals of beach sands in polish surfaces.” 

In his paper on alteration of Malayan ilmenite, Flinter (4) states that 

the Malayan material was similar to the material described by Overholt 
et al ” Flinter’s results show that the alteration present in Malayan 
ilmenite is also very similar to that which we described for ilmenites from 
India, Brazil, Florida, and North Carolina. He may therefore find our 1954 
paper of some interest in the event that he has not yet seen it 

Regarding Flinter’s suggested use of the term, “hydroilmenite,” for a 
partially altered ilmenite, the writer prefers to call such material simply 
“altered ilmenite’ or “weathered ilmenite,” since the chemical and miner 
alogical composition varies with the degree of alteration, and the amount of 
water present is very small. The use of an additional term would more than 
likely only add to the confusion which has existed regarding the nature of the 
titanium minerals present in sand deposits. 

Flinter’s proposed use of the term, “arizonite,” for fine grained but well 
crystallized alteration products of ilmenite, seems quite unjustified, because 
this type of material is well covered by the term “leucoxene,” which is in 
common use, especially for the high-TiO, portions of commercial concentrates 
Since the term, “arizonite,” was originally proposed for the hypothetical 
compound Fe,O,-3TiO,, its continued application to mixtures of finely 
crystalline TiO, and iron oxides in beach sands is misleading 

In their paper “An X-ray Study of Leucoxene from Quilon, India,” 
Karkhanavala, Momin, and Rege (5) state that in our 1954 paper we 
“showed that the Quilon concentrate consisted of ilmenite, hematite, and rutile 
only, (and) concluded that all the non-ilmenite portion of the concentrate 
consisted of a porous mixture of fine grained rutile and iron oxide formed 
as a result of alteration of ilmenite.” It was not intended to give the im 


pression that ilmenite, hematite, and rutile were the only compounds present, 
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although X-ray analysis detected only these phases. It was stated that 


“nearly all the non-ilmenite portion consisted of . fine grained rutile 
and iron oxide , and indicated that Quilon, Florida, and Brazilian 
ilmenites contain smaller amounts of crystalline components than does un 
altered ilmenite. X-ray patterns further indicated that the dominant minerals 


in the sand ilmenite concentrates approach a size range amorphous to X-rays, 
that is, crystallite diameters in the order of 50 to 100A. It was therefore 
shown that some of the alteration products were amorphous, or nearly so 

In their study of alteration of ilmenite at 650° and 850° C, Karkhanavala 
and Momin (6) used as their standard ilmenite the commercial ilmenite con 
centrate produced at Quilon. It should be pointed out that Quilon ilmenite 
is already rather extensively altered, so that the results obtained on this 
material should not be taken as directly applicable to fresh, unaltered ilmenite 
Unless the “commercial grade 1 concentrate” used is very different from the 
Quilon ilmenite that the writer has examined, its chemical analysis alone 
would indicate that it is too high in TiO,—around 59 percent—to be suitable 
for investigating the behavior of pure ilmenite. It is rather surprising that 
no results of chemical analysis, of either the starting material or the oxidation 
products, were reported. It might be interesting to check how the chemical 
analyses of “brown leucoxene” and the 850° oxidation product compare with 
the average composition postulated for these materials (1Fe,O,-5Fe,O,-TiO 
7TiO 

In a paper on “arizonite,” Karkhanavala (7) disagrees with other investi 
gators who concluded that “arizonite”’ is a mixture of anatase, rutile, and 
hematite. Arguments are presented to support the view that “arizonite” is 
actually a crystalline form of the compound Fe,O,-3TiO,, as originally 
believed by Palmer. 

Karkhanavala’s conclusions are based on what he describes as “limited 
success in synthesizing arizonite under hydrothermal conditions” (as a 
mixture with hematite and anatase), on deviations of the relative intensities 
of X-ray diffraction lines in natural “arizonite” from those of standard 
\.S.T.M. patterns for anatase, hematite, and rutile, and on slight differences 
in the d-spacings of the hematite lines. The X-ray pattern of the synthetic 
product indicates that it consisted in part of material resembling natural 
“arizonite.’ Although the X-ray diffraction pattern shows lines correspond 
ing to rutile, Karkhanavala claims that the formation of rutile under his 
experimental conditions (300° C, 1200 psi) is impossible. However, there 
is general agreement among other investigators that rutile can form at low 
temperatures. For example, Gruner (8) found that ilmenite alters to rutile 
and pyrite at 300° C in a dry stream of H,S. Hartman (9) in a recent 
paper reviews the factors controlling formation of TiO, polymorphs, making 
it clear that rutile has formed at low temperatures in bauxite deposits 
Results of a study soon to be published (11) show that rutile was present in 
synthetic alteration products made from ilmenite at 45—-50° C. Karkhanavala’ 
interpretation of his X-ray data is therefore based on a false assumption. In 


any case, since his synthetic product was admittedly a mixture, there is no 
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way of determining accurately the chemical composition of the phase claimed 
to be “arizonite.” 

Variations in relative intensities of X-ray diffraction lines with changes in 
particle size, shape, and orientation are not unusual, nor are variations in 
d-spacings when impurities are present. The correspondence of the arrange- 
ment of the diffraction lines of natural “arizonite’”’ to those of a mixture of 
anatase, rutile, and hematite seems too close to be dismissed as coincidental 

If a pure compound Fe,O,-3TiO, could be prepared hydrothermally, or 
by any other means for that matter, even this would not prove that natural 
“arizonite” consists of such a compound. The X-ray data would still be 
subject to interpretation as to what compounds were present. However, until 
a pure compound can be prepared, containing only one phase, from which a 
standard X-ray pattern can be obtained, there is no logical basis for inter- 
preting the natural “arizonite” X-ray pattern as other than a fine grained 
mixture of oxides of iron and titanium. 

In 1956, Bailey, Cameron, Spedden, and Weege (1) described a study 
of altered ilmenites from Mozambique, Ceylon, Brazil, and Florida. They 
concluded that alteration proceeds in three rather distinct stages. In the 
first stage, “patchy ilmenite,” ilmenite grains alter to patchy intergrowths of 
ilmenite and an isotropic substance (amorphous iron-titanium oxide), of 
lighter color than ilmenite. The second stage is reached when a grain has 
been completely transformed to the isotropic material. The third stage in 
volves progressive alteration of the isotropic substance to crystalline leucoxene 
It was pointed out, however, that brown leucoxene is not sharply distinct 
from amorphous iron-titanium oxide. 

During a study of the mechanism of alteration of ilmenite (11), the 
writer observed in slightly altered ilmenite grains from North Carolina sands 
a small mount of a homogeneous gray alteration product that occurs along 
cracks and twin lamellae. This material is a little darker in color than fresh 
ilmenite and in some areas contains a little crystalline leucoxene. This dark 
material may correspond to what Bailey et al. call iron-titanium oxide, or 
Stage 1 alteration, although the color is different. This sort of material was 
also observed in association with granular, anistropic alteration products 
(leucoxene) in New Jersey ilmenite 

The products described in our 1954 paper displayed gradational, rather 
than sharply defined stages of alteration. Altered areas appeared gray, 
porous, and finely granular, the porosity, grain size, and intensity of internal 
reflection in polarized light increasing gradually with the degree of alteration 
Some of the patterns of alteration were “patchy,” but were not limited to the 
very early stage of alteration. 

In discussing parts of this paper (10), Bailey et al. express uncertainty 
as to whether some of the materials we studied were ilmenite concentrates or 
total heavy mineral concentrates (1, p. 265). As indicated in the title of 
lable II, “Chemical Composition of Various Ilmenite Concentrates,” they 
were actually ilmenite concentrates. In discussing chemical and magnetic 
data (1, p. 270), Bailey et al. make the following statement: “Lynd and his 
coworkers concluded that the beach sands they studied showed various degrees 
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of alteration of ilmenite, the alteration involving leaching of TiQ,, 
This is not true. We concluded that leaching of iron is involved, so that the 
alteration products are enriched in TiO 

It is certainly true, as Bailey et al. point out (1), that the relationship 
between chemical composition and magnetic behavior of altered ilmenites is 
poorly understood. Fractions obtained from ilmenites of different localities 
by magnetic separation at the same amperage often show wide variation in 
chemical composition The writer agrees that further investigation of the 
chemistry of alteration is needed, and it would help considerably if chemical 
analyses of the materials worked with and the products obtained could be 
included in papers on the subject. It is difficult to compare the results of 
different studies, when, as in the paper of Bailey et al., analyses are reported 
for only one set of three magnetic subfractions, with no indication of distri 
bution of iron content between Fe* and Fe, or as in two papers of 
Karkhanavala et al., (5,6) no chemical analyses are given. 

Regarding the term “leucoxene,” Allen (2) emphasizes the advisability 
of retaining this term for the alteration products, whether crystalline or 
amorphous, in which titania occurs in rocks. Bailey and Cameron (3 
agree with this usage when differentiation of the individual components in 
alteration products is difficult or impossible, but in describing beach sands 
where “amorphous iron-titanium oxide” could be distinguished from crystal 
line leucoxene, they prefer to reserve the term “leucoxene” for alteration 
products containing finely crystalline TiO They repeatedly refer to 
“leucoxene”’ as finely crystalline TiO,, which they say “carries 75 to 92 pet 
TiO,,” but would probably agree that even crystalline leucoxene contains iron 
oxide and other impurities, and that the term “leucoxene”’ should be used to 
cover the whole mixture of alteration products, and not just one component 
of it. If the term “leucoxene” is acceptable for crystalline mixtures of iron 
and titanium oxides, it should also be acceptable for amorphous mixtures of 
these oxides, wherever they occur. If desired, the degree of crystallinity of 
the alteration products could be satisfactorily indicated by such phrases as: 
amorphous leucoxene, partially crystalline leucoxene, or crystalline leucoxene 
Jecause of the gradational nature of the changes brought about by alteration, 
it seems somewhat misleading to use terms such as Stage 1, which imply 
that alteration generally proceeds in well-defined, consecutive stages 

In conclusion, the following recommendations are made regarding the 
terminology used and information given in describing work on alteration of 
titanium minerals 

1. Chemical analyses should be given, at least for TiO,, FeO and Fe,O,, 
on all titaniferous materials studied 

2. The term “ilmenite” should be qualified by the use of an appropriate 
adjective—e.g. weathered ilmenite, when describing Quilon ilmenite—when it 
applies to a material other than substantially unaltered, pure ilmenite 


ve used to indicate the degree of purity 


Chemical analyses should 
3. The introduction of new terms, or the revival of old, little known, or 
discredited terms to designate alteration products of titanium minerals 1s 
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unjustified, and should be avoided, since all of these materials can be covered 
by the term, “leucoxene,” which is in current use. 

+. The term, “leucoxene,” should continue to be used as a general name 
for alteration products containing titania. Where different types of leucoxene 
are recognizable, one or two descriptive adjectives can be used to indicate 
the nature of the alteration products: whether crystalline or amorphous; gray, 
brown or white; and if crystalline, whether the titania is present as anatase, 
rutile, brookite, perovskite, or sphene 
5. It is suggested that the Committee on Publications of the Society of 
Economic Geologists review the various proposals which have been made 
regarding the nomenclature of alteration products containing titania, and 
recommend a uniform system of terminology. 

LanGtrRY E. Lynp 
NATIONAL Leap Co 


Soutu Amboy, N. | 
Varch 26. 1960 
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MALAYAN ILMENITE VS. ARIZONITE 


Sir: Dr. Karkhanavala’s communication concerning my paper “The 
\lteration of Malayan Ilmenite Grains and the Question of ‘Arizonite’ ” objects 
to my suggestion that the term “arizonite” be retained to indicate the third 
phase of alteration (recrystallization) of ilmenite on the grounds that arizonite 


is a valid species, representing a finite chemical compound, ferric metatitanate, 


and states that the term leucoxene is considered a generic name for such 
iteration products 

I suggested that “arizonite” should be retained to indicate the recrystallized 
mixed phases of iron and titanium oxides because (a) I felt it was desirable 
to distinguish between the amorphous stage, (my hydroilmenite), and the 
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recrystallized stage of ilmenite alteration; (b) I was sufficiently convinced by 
Overholt et al. (“The Nature of ‘Arizonite’,” Am. Min., Vol. 35, p. 117-9) 
that Palmer's original arizonite is in fact such a mixture and (c) it is not 
only logical, but quite acceptable, to apply the name given by Palmer to 
material which is similar both in its general chemical composition and X-ray 
powder pattern, even though it might have been his intention to apply it only 
to a definite mineral species. Karkhanavala has done nothing to nullify these 
reasons. He dismisses Overholt’s contention that the X-ray data of the 
original arizonite can be interpreted as a “mixture of hematite, ilmenite, 
anatase, and rutile.” The fact that ilmenite lines are lacking (cf. my paper 
p. 727), does not invalidate their conclusion that the original arizonite is a 
mixture of iron and titanium oxides derived from the alteration of ilmenite 
\s indicated in my paper the ilmenite structure must necessarily be destroyed 
first, giving the amorphous hydroilmenite stage, before further recrystalliza 
tion occurs. Karkhanavala (“The Nature of Arizonite,” Econ. Grow., Vol 
54, 1959 pp. 1302-8) dismisses Overholt’s interpretation on the basis of 
certain minor: discrepancies (in the X-ray powder pattern) which Overholt 
et al. considered insignificant but Karkhanavala prefers to consider real 
The two factors he chooses are the discrepant intensity values of the subsidiary 
hematite and rutile phases and the presence of a 2.66 A.U. line. His sole 
justification for a valid mineral species (i.e. the presence of a 2.66 A.U. line 

is much more open to uncertainty. Further doubt is cast by the real dif 
ference (p. 1304) in the value of the d-spacing of the most intense line between 


Palmer’s original “arizonite’” (d= 3.50) and the photographic and G.M 
counter values of Karkhanavala’s synthesized material (d = 1.683 and 
d = 2.69 respectively The different intensity values between the photo 


graphic and G.M. counter results (on the same sample) indicate that little 
reliance should be placed on any of the absolute intensity values, (this being 
his first objection Further, comparison of the original “arizonite” pattern 
and the G.M. counter pattern does not support the view that Fe,O,-3TiO 
and Palmer’s arizonite are a single unique mineral species but, on the contrary 
it supports the “mixture” contention—the arizonite having anatase (strongest 
line, d = 3.51) as the major phase and the synthetic Fe,O,-3TiO, sample 
having hematite (strongest line, d = 2.69) as the major phase 

Although leucoxene has been used by various workers in connexion with 
the alteration products of ilmenite, this usage is incorrect and the term cannot 


be considered a generic name for such alteration products. Despite its various 
interpretations (and there are numerous papers to testify to then there 
general agreement that it is mainly amorphous TiQ, plus varying amounts 
of crystalline phases of rutile, anatase, and/or brookite. Le. it is pure TiO 
It contains no iron oxide, which is a fundamental component of the end 
product of ilmenite alteration. Furthermore, use of the term implies deriva 


tion from rutile, brookite, anatase, sphene or similar mineral, whereas use 
the term arizonite (or whatever is adopted) should, by definition, imply 
derivation from ilmenite 

Summing up, I should say that there is no evidence that a valid mineral 


species having a definite chemical composition of Fe,O,-3710, and a dis 
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tinctive X-ray pattern does exist 


Even if it does exist, however, it is not 
simliar to the original material called “arizonite” by Palmer Palmer’s 
arizonite is almost certainly a mixture of iron and titanium oxides present as 


various crystalline phases. This is exactly similar to the final recrystalled 
stage of alternation of an ilmenite and therefore it is acceptable to refer to 
this stage as “arizonite.” If this is undesirable, the term “hydroilmenite” 
should be extended to cover both the amporphous and recrystallized stages 
of an altered ilmenite, the terms “amorphous” and “recrystallized” being used 
as appropriate. On no account can the term “leucoxene” be applied. What 
ever term is used, it would have a specific significance—a variable mixture of 
iron and titanium oxides (either amorphous and crystalline or crystalline 
only) derived by the alteration of ilmenite. 

His statement that there is no evidence to support my suggestion regarding 
pseudobrookite is, I feel, a misunderstanding that would not have arisen had 
there been a cormma between “unstable” and “high-temperature” in line 37, 
page 727, of my paper. I meant to suggest that pseudobrookite, formed at 
high-temperature (e.g. 1,100° C in my sample) is probably unstable at 
lower temperatures, and might revert to a mixture of hematite and anatase 
I note that this is what Overholt et al. state (end of paragraph 2), but I did 
not have access to their paper until very recently. The instability of pseudo 
brookite at lower temperatures (below about 950° C) is well shown by Mac 
Chesney & Muan’s excellent study of the iron oxide-titanium oxide system 
(Am. Min. Vol. 44, Sept.-Oct. 1959, pp. 926-945). 

In conclusion, I cannot agree with Karkhanavala’s explanation of the 
abundant co-occurrence of pseudobrookite and altered ilmenite found by him 
in the Quilon sands. The answer must surely be that primary pseudobrookite 
occurs in the source area 

B. H. FLiINnter 

GEOLOGICAL SURVEY Of 


Ipon, MALAYA 
Varch 24, 1960 


SULFIDE OREBODIES AT YAURICOCHA, PERU 


Sir: I would like to comment on H. Ward’s recent article (Econ. Geot 
Vol. 54, p. 1365-1379). 

While Ward puts forward an interesting idea to explain the textures shown 
by the pyrite he fails to substantiate it. The distribution of the breccias 
associated with mineralization, both in time and space, and their relationship 
to the regional joints and fractures precludes their being reef breccias. Band 
ing that occurs in both hard and soft pyrite shows a shape and distribution 
that is completely incompatible with the replacement of an organic reef 
I hope to publish a different hypothesis in the future showing that th 
emplacement of the orebodies was accompanied by mineralization stoping 

D. R. S. THomson 

RoyaL Scuoot or MINES 
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REVIEWS 


Shlikhovaya S’emka i Analiz Shlikhov. (Alluvial prospecting and the analysis 
ot heavy concentrates. ) sy I. M. Ozerov Pp 379, Figs. 140. Gostoptek 
hizdat, Moscow, 1959. Price, l1r. 10k 


Alluvial prospecting for gold was for centuries a widespread occupation through 
out the territories of the Tsars, and the Russian term shlikh, meaning a heavy 
mineral concentration produced by panning, has a currency unparalleled by any 
comparable word in English The Uralian platinum, the Kolyman gold, the 
Yakutian diamonds were all first recognized in shlikhi. A modern Russian text 
book on the principles, methods and techniques of alluvial prospecting therefore 

1 “ier 


promised to be of outstanding interest, and certainly there is mu 


practi il 


value that can be learned from this unusual work by Dr. Ozerovy After some 
general chapters on the weathering of rocks and ore deposits on the transport 


and deposition of heavy minerals, and on correlation by heavy mineral analyse 


the manual goes on to discuss field methods of alluvial prospecting and the variou 
laboratory techniques whereby heavy minerals may be specifically identified Phe 
ection on microchemical tests on heavy grains is good and there are long tabula 
tions of such minerals classified according to various physical properties But 
in some respects the work imultaneously disappointing and illuminating Ap 


parently the Russian laboratories have no instrument like the Frantz isodynami 
separator; and electrostatic separation, so widely used in some Western labora 
tories, is not mentioned at all. Uraninite is listed 13 times in the index—but 12 
of these mentions relate solely to the physical properties of this mineral (as 
sper ified in any good mineralogical textbook) and the sole textual reference cor 
fines itself to the bald statement that “In concentrates uraninite is of rare occur 


rence.” An important omission (perhaps of no significance in Russian climates 


1 


is gorceixite, which is derived from lateritized carbonatites and which so oftet 
accompanies alluvial diamonds in tropical terrains 
{ F. Davipson 
University or St. ANDREWS 
SCOTLAND 
Vay 6, 1960 


Beaches and Coasts. By Cucniaine A. M. Kine. Pp. 403; figs. 149. St 
Martin’s Press, In New York, 1960 Price, $14.50 

w. whe a British geogr ipher ha developed in outstanding 

this book about shore processes and their products His treatise 





gely upon the numerous quantitative studies of more recent years, rep 


’ 
resentative chapter headings being Beach Profiles—Experimental Results and 
Surveving Pechniques im Methox« 5s of Research” (including sections devoted to 
theoretical, experimental, and field methods ) In all, there are eight chapters about 

re processes and four on the resulting beach and coastal forms 
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lhe chapter dealing with classification of coasts includes an appraisal of the 
lassifications advanced by Johnson, Shepard, Cotton, and Valentin. King favors 


the descriptive classification of Valentin, because it provides a solution to the prob 
lems of frequent and rapid changes of sea level geologically speaking It is im 


portant also, from a practical standpoint, to make Valentin’s distinction betweet 
coasts that are advancing” ind those that are “retreating.” as these two types 
constitute very different problems for the coastal engineer here is little doubt 


that both geologist and coastal engineer will find this a basic reference work for 


ome time to cornme 
W. Harrison 
DarTMOUTH COLLEGI 


Hanover, N. H 


Geological Nomenclature (1959). Edited by A. A. G. Scuiererpecker. Pub 
lished by the Royal Geological and Mining Society of the Netherlands (joring 


hem, Holland 11.-US 


1 


\t the same time a glossary and a dictionary, this volume contains 5489 items 
vith almost no duplication Che listing is arranged with the English term and 


definition first, followec 


| by the Dutch, the French, and the German equivalent terms 
or pl rases 
lhe first part (p. 1-350) contains the terms and definitions in English followed 


by the translations of the terms only This organization is according to fields of 


1 
ecology The second part (p. 351-519) is an alphabetical list of all the terms 
detined and translated in the first part 

Che individual fields are: Geomorphology (1.386 terms. includis y weathering 
round-water hydrology; speleology rivers; lakes; swamps, marshes, moors 


rlaciology oceanography; coasts and islands, reefs); Genetic Vhysiography (585 


terms) ; Sedimentology (434 terms) ; Stratigraphy (423 terms); Tectonic Geology 


(515 terms Geophysics (369 terms Vulcanology (821 terms): Orogenesis 


(145 terms) Mineral Deposits (334 terms) Petrology of Igneous and Meta 
norphic Rocks (469 terms) 


As an example of the subdivision of the individual fields the one on mineral 
} 


leposits may be liste: It conta |. Gseneral terms Il. Structure and shape 
of mineral deposits t of mineral deposits IV. Distribution of 
values in mineral deposits re ; of formation of mineral deposits Vi 
Hypogene rock alterations - rock alterations. VIII. Cosmo- and 


veochenistry IX. Classifie m of 1 deposits. X. Textures and structures 


ore minerals. XI. Variou 1 il ms This well organized grouping may 
serve as a guide in repeating or brushing up the basic principles of economic geol 
ogy he editors of this section are |. Westerveld, University of Amsterdam 
kK. Raguin, Ecole Nat rieur : Paris: and Paul 


itv of Heidelberg 


Ramdohr, Univer 


close examinatior ft ti qualitv of the detinitions has revealed that. if com 
ace ~d, the definitions are accurate and remarkably free 
concepts The printis S ar and virtually no errors could be de 
dictionary and f an be highly recommended to all geolo 
to the A C I Glossary 
G. ¢ AMSTUTZ 
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International Tin Council, Statistical Year Book 1959. [I’p. 283. International 
lin Council, London, 1959. Price, £2-10-0 


rhis is the first Year Book published by the International Tin Council. It 
follows the four previous Year Books prepared by the International Tin Study 


Group, the last of which was issued four years ago. This volume, however, is 
larger and more complete than the previous ones It has the same world-wide 
cope as before 

The volume has two part The first deals with tin and tin plate, and the 
second with the chief users of tin—the canning industry Each section covers the 
vorld, country by country In the first section is included something of the his 
torical background, the deposits, mining, metallurgy, marketing, and detailed sta 
tistics of production of tin, alloys, tin plate, manufacturing and exports. Four 


general chapters discuss the International Tin Agreement, world tin position since 
World War II, and the tin trade of the U.S.S.R., China and Eastern Europe 


As before, it is an invaluable reference book 


Gemstones of North America. By Joun SINKANKAS. Pp. 675; figs. 176. D 
\ il Nostr ind Co tit Ne \A\ Y ork, 1959 Price, $15.00 

his large handsome volume emanates from the pen of a U. S. Navy captain 

ind a noted gemologist. for the use of the student: the collector and connoisseur 

~ gems; museums: and jewelet It brings together in a single volume a wealth 

of information about gemstones in North America, their properties, appearance, 


| 1 


ind where am 1 


in what quantity and quality they occur 


Che first chapter acquaints the reader with the properties and features that 


make gemstones objects of beauty and acquaints him with terminology, crystals 


y 
geometry of crystals, crystal growth, cleavage speciic gravity color, and optical 
effects he six succeeding chapters deal with six groups of gemstones, 1.¢ 

principal ones (precious stones), important gemstones, quartz family gemstones 
rare and unusual gemstones, massive and decorative gemstones (including many 
rocks), and organic gemstones, such as pearls and shell, coral, amber, jet, and 


inthracite coal 
Each of the important stones are fully described, along with the geology and 


ind mineralogy of the deposits, their mode of occurrence, localities and history 
Numerous drawings and photos of stones and their occurrence are included Also 
there are several beautiful colored plates of striking gemstones. Four appendices 
give bibliography (13 p glossary of mineral, rock, and geologic terms (18 
p-) a tabular review of get tone deposit ind a geographi and locality index 
is well as a general index 

The volume is a storehouse of authoritative information for anvone interested 
n gemstones. and a very convenient reference book 


Minerals of New Mexico, 2nd Edition. By Stuart A. Nortnrop. Pp. 665 
Univ. of New Mexico Press Albuquerque New Mexico. 1959 Price. $10.00 
his edition is about twice as large as its predecessor and is packed full of 


nformation about minerals of New Mexico, as well as knowledge about minerals 


in general In Part I, pages 5—80, is a fascinating account under “Highlights in 
the History of New Mexico Mineralogy and Mining” of the history of the state 
from prehistoric times through Spanish, Mexican, and American exploration and 

ng and utilization of mineral There is included lists of museum specimens, 
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fluorescent and radioactive minerals, and mineral analyses. This interesting sec 
tion is followed by one on the “Economic Aspects of New Mexico Mineral Indus 
try” in which is given a general survey and comparisons with other states, changes 
in trends of exploration and production statistics. 

Part II, pages 95 to 568, covers descriptions and records of occurrences. Part 
III is a list of districts and mining camps; followed by an extensive bibliography 
The occurrences are alphabetically arranged from acmite to zoisite, and cross 
referenced. Information is given regarding localities, occurrences, analyses, his 
tory and mining. Of particular interest is Turquois (16 pages) which covers name 
derivation, occurrence, bibliography, analyses, production, prehistoric mining, at 
cheology, early Spanish explorers, and technology. 

rhis book is of much wider interest than of New Mexico alone, since there is 


interwoven history, ge logy, and mining; and it is also a textbook on mineralogy 


Die Uran-und Goldlagerstatten-Witwatersrand-Blind River-Dominion Reef- 
Serra de Jacobina: Erzmikroskopische Untersuchungen und ein Geo- 
logischer Vergleich. By Paut Ramponr. Pp. 35; pl. 19. Akademie-Verlag 
Berlin. Price, DM10 


Dr. Ramdohr makes a comparative study of the uranium-gold occurrences of 
these four districts, particularly with respect to a microscopic examination of the 
opaque minerals present. In the Rand ores he describes gold, pyrite, arsenopyrite 
pyrrhotite, chalcopyrite, “uranpecherz,” brannerite, carbonaceous material, chro 
mite, magnetite, zircon, spinel, garnet, galena, sphalerite cubanite, and vallerit 
He considers there are several kinds of pyrite, one of which he calls pyrite pebbles 
which he considers is detrital, being deposited along with the quartz pebbles 
Other pyrite is considered to be authigenic. He also considers that the uraniun 
mineral is detrital 

Generally similar mineralogy is described from the Dominion Reef, with the 


logenic molybdenite, tantalite, and cobalt minerals. Similar conclu 


addition of al 
sions are drawn 

The Blind River deposits are described briefly The author considers the fol 
lowing minerals to be allogenic: pyrite, urananite, brannerite, molybdenite, chro 
mite, zircon and monozite Also included are magnetite, chalcopyrite, galena, 
gold, cubanite, and bismuth As authigenic minerals he recognized pyrite, rutile, 
brannerite, uraninite, magnetite, marcasite, chalcopyrite, sphalerite, galena, val 
lerite, gold. He considers the uranium minerals and pyrite (in part) to be detrital 

Generally similar minerals are noted for Serra de Jacobina 

He concludes that the uranium minerals, gold, and the pyrite were originally 
detrital but suffered some working over. 

There is also a section on a criticism of *. Davidson's ideas that uraninite 
could not be detrital Ramdohr believes it is 
yhotomicrogr iphs of polished Ssurtaces ot ores 


Che 19 plates contain beautiful 


' 
t t 


Stratigraphy of the Pre-Simpson Paleozoic Subsurface Rocks of Texas and 
Southeast New Mexico. By Vircit E. Barnes and others. Pp. 837; figs 


38; pls. 65 Bureau of Economic Geology, The University of Texas, Austin 
/ 


Texas, 1960 Price, $7 


c 
This public " ) ISIS i two volumes of text and one of charts, enclosed in 


i box It resu fror ' rex proposed by the Humble Oil Co. and financed by 
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Humble, Atlantic, Gulf, Shell, Sun, and Texaco Oil Companies. Other companies 


and the U. S. Geological Survey contributed by supplying samples, maps, and in 
formatior rhe section includes ali sedimentary rocks in Texas and S.E. New 
Mexico, from the top of the Precambrian to the base of the Middle Ordovician. 
Its chief purpose was to determine if established or other units of the pre-Simpson 
sequence could be recognized in the subsurface, and if methods could be found by 
which these units could be recognized. Dr. Barnes was the main contributor and 
organizer, but there are additional papers by P. E. Cloud, Jr., A. R. Palmer, 
FE. J. Tynan, R. L. Folk, and E. O. Jones. 

Part I of Volume I, by Dr. Barnes, covers the general stratigraphy, correla 
tion, genesis, structures, and thermometry. Part II includes the individual reports 
of the other authors, as well as several chapters by Dr. Barnes, treating of such 
fields as paleontological data, insoluble fossils, petrography, clay minerals, chemical 
phases of isotope ages, thermoluminescence, color, and insoluble residues. Vol 
ume II is made up of 11 appendices describing cores, structure and solution phe 
nomena, anhydrite, petrographic descriptions, spectrochemical and chemical analy 
ses, glow curves, and insoluble residue data. 

The work is monumental and recalls a previous monographic work, Bulletin 
3401, on the structural and economic geology of Texas. It will be of great interest 
to students and teachers of stratigraphy, and to all petroleum geologists 


BOOKS RECEIVED 
TOHN |} COTTON AND ROGER I AMES 


Introduction to Solids. Leoni V. AzArorr. Pp. 460. Price, $9.50. MeGraw- 
Hill Book Co., New York, 1960. Uses crystallinity of solids as a framework for 
discussing their natu.e and properties; treats of metals, semiconductors and insula 
tors; much good crystallography. Excellent treatise 

Invertebrate Paleontology. Wuitr1am H. Easton. Pp. 701; heavily illustrated. 
Price, $10.00. Harper & Bros., New York, 1960. A book for the professional 
geologist stressing the functional approach to invertebrate paleontology and to 
evolutionary progression; systematic treatment of orders. Well illustrated. Ex 
cellent reference book 

A French-English Vocabulary in Geology and Physical Geography. G. M. 
Davis. Pp. 140. John Mann, London, 1960. Price 18/-. A handy tool for the 
geologist 

Lithofacies Maps: An Atlas of the United States and Southern Canada. 
L. L. Stoss, E. C. Dapries, and W. C. Krumpetn. Pp. 108; figs. 5; maps, 153 
Price, $5.50. John Wiley & Sons, New York, 1960. Reconnaissance maps largely 
based on data taken from the stratigraphic literature, and surface and subsurface 
data on record in the Northwestern University Geology Department 

Cretaceous Stratigraphy of the Grand and Black Prairies, East-Central Texas. 
Pp. 138; pls. 16; figs. 7. Price, $5.00. Baylor Geological Society Field Conference 
Guidebook, Waco, 1960. | 

the Paluxy sand (Comanchean series) is the only producing horizon and production 
is very lou 

Third Annual Report of the International Tin Council, 1958-59. Pp. 35 
Price, $1.00. London. Recovery from the production slump of late 1957 and 1958 
due to export controls did not begin until the second quarter of 1959 


While oil shows have been observed in several formations 
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Science and Engineering in American Industry: Report on a 1956 Survey. 
U. S. Dept. Labor, Bureau of Labor Statistics. Pp. 117; tbls. 13; charts 52 
Price, 70 cent National Science Foundation, Washington, 1959. Z/n the three 
year period from 1953 to 1956 the dollar volume of industrial research and develop 
ment increased from 3.5 billion dollars to 6.2 billion dollars. Government contract 


were chiefly responsible for this increase 


s 


XXth International Geologic Congress, Mexico, 1956.. Reports on coal 
tonics of Sierra Madre, Vulcanolog Mesozoic of W. hemispher 


2 jeolog 
petroleum, international committee on clays Vexrico, 1960 

The Australian Mineral Industry, Quarterly Review and Quarterly Statistics. 
Vol. 12, No. 3, March. Pp. 22; tbls. 10. Price, 3 Sureau of Mineral Re 


sources, Geology, and Geophysics, Canberra, 1960. The increase in the production 
of sinc is expected to continue during 1960 and possibly 1961 

Belgian Congo—Comité Spécial du Katanga, Brussels, 1960. Topographic 
maps, degree sheets, scale 1 200,000 of Baudouinville, Zongwe, Kiambi, Kilwa, 
Kapulo, Moliro, Pweto. \on-contoured 


Mineral Economics and the Problem of Equitable Taxation. Oscar H 


LENTZ Pp. 111 Price, $1.00. Quarterly of the Colorado School of Mines 
Vol. 55, No. 2, 1960. While loopholes of tax avoidance may exist at present, t.¢ 
vhere percentage-depletion rates are too high, the leqislative rationale for per 
centage-depletion rates is sound 


Directory of Known Mining Enterprises, 1959. Frank A. CrowLey. With 
a List of Active Coal Mines, 1959 by THomas Morcan and with a section or 
The Mineral Industry of Montana in 1959 by F. B. FuL_Kerson and G. A 
KINGSTON. Pp. 64; pl. 1; thls. 4. Montana Bureau of Mines and Geology Bull 
14, Butte, 1960 {1 decrease of 5 percent in the value of the 1959 


j mineral pro 
luction from 1958 is attributed to a 414, month strike at the Anaconda Compan 


metal mines and metallurgical plants 
Ground Water in the Causey-Lingo Area, Roosevelt County, New Mexico. 
JAMES B. Cooper. Pp. 51; pls. 2; figs. 13; tbls. 4. New Mexico State Engineet 
Office Technical Rept. 14, Santa Fe, 1960. Principal ground-water sow is un 

msolidated sand and gravel of Cretaceous age, which fill erosion channels in th 


underlying Triass red beds 


ce 


‘ 


Geology and Ground-Water Resources of Rockland County. Narnanier M 
Per~LMuTTER. Pp. 133; pls. 4; figs. 13; tbls. 18. New York Water Power and 
Control Commission, Bull. GW-42, Albany, 1959. Principal aquifers are the 
Vewark group and stratified drift Water in the Newark group occurs mainl 
along bedding planes, joints, and fractures 


Oil In North Dakota Second Half 1959: Production Statistics and Engineer- 
ing Data. Pp. 89. Price $2.00. North Dakota Geological Survey, Grand Forks 
1960 

Carbonatites of the Rufunsa Valley, Feira District. D. K. Baitey. Pp. 86 
tbl. 1 ippendices 6 plate s 14; maps 4 Price L2 2s. A detailed petrologic stud 
of the carbonatites and Pre-and Karroo rocks in the title area. A section ts 
devoted to the economic potentiality of the rare earth minerals associated with the 


carbonatite bodies 


Records of the Geological Survey of Tanganyika, Vol. 2, 1957. Pp. 106; pls 
16; figs. 5: thls. 17. Price, shs. 17/50. Dar Es Salaam, 1959. Includes papers 


nm é non md engineering a Tf) 
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Stratigraphy of the Blach Ranch-Crystal Falls Section (Upper Pennsyl- 
vanian), Northern Stephens County, Texas. L. F. Brown, Jr. Pp. 45; pls. 3 


figs. 6: tbl. 1 Bureau of Economic Geology, The University of Texas, Rept. of 
Investigations—No. 41, Austin, 1960. Strata were deposited under cyclic, rapid 


nHangumg sita TT mari } nraring maditions 


Bulletin of the Mineral Research and Exploration Institute of Turkey, For- 
eign Edition, Nos. 52, 53, Ankar 1959 Irticl J 


ics on chrom maqmattion 


rogen bas neon k paleontol uranium, tectonics, geophysics 


ye 


Geology and Ground-Water Resources of Pittsylvania and Halifax Counties. 
Harry E. LeGranp. Pp. 86: pl. 1: figs. 6; tbls. 11 


hes. can Division of Minera 
Resources Bull. 75, Charlottesville, 1960. Withdrawal of ground water is only a 
fraction of that available for recharae 


Geological Survey of Canada—Ottawa, 1960 


Paper 59-11. Horn River Map-Area, Northwest Territories. R. J]. W. Dov 
LAs and A. W. Norri Pp. 23; fig. 1; map 1; 


Vain a stratigraph stud f ti Ordor 


He 


scale 1”/8 miles Price, 5O cts 
ician, Devonian and Cretaceous rocks 
f the Interior Plains 


Paper 59-12. Heavy-Metal (Zn, Pb, Cu) Content of Stream Sediments of 
Part of Westmorland County, New Brunswick. Artuur Y. Smitn. Pp. 8 


gs. / Price, 50 ects Vethods of analyzing total extractable metals haz 


wc resuitecd 


mn detection of several momMaiiCcS tH thre Dorchester area 


Paper 59-15. Distribution of Some Reefs and Banks of the Upper Devonian 
Woodbend and Fairholme Groups in Alberta and Eastern British Columbia 
Hevten R. Beryea Pp. 7:07 ip 1, scale 1”/20 miles Price, 5O ect Seven pages 
f references accompany the reef distribution map 


Paper 59-16. On the Uranium Possibilities of the Southern Interior Plains 


of Canada. J. A. CHAMBERLAIN. Pp. 8: fig. 1. Price, 25 cts 1 review of 
the sedimentary uranium dep ts in the Interior Plains of the United States ar 
mada suqgests little hope for uranium in the Canadian terrain 


Paper 60-5. Summary Account of Mesozoic and Tertiary Stratigraphy, 
Canadian Arctic ae E. T. Tozer. Pp. 24; figs. 6; 1 correlation chart 
Price. 50 cts Siud im the Sz } 


erdrup Basin ha revealed the most complet 
Vesozoic-Tertiar section in the Arct Irchipelago 
Paper 60-10. Didnosen Geology of Arctic Canada. B. G. Craic and J. G 
Fyies. Pp. 21; figs. 6; tbls. 1 Price, 1) cts. The general Pleistocene qeology is 
presented as a pr iminar I ount woth the valuable addition of 14 radtocarbon 
dates 


Memoir 302. Shubenacadie and Kennetcook Map-Areas, Colchester, Hants 
and Halifax Counties, Nova Scotia. |. M. Stevenson. Pp. 87; pls. 5: figs. 5 


4 


maps 2 cale 1”/1 mile Price, $1.00 1 revised report on ti stratigrapl 
structure and cconon lep ts of central Nova Scotia 

Economic Geology Series No. 19. Mica Deposits of Canada. |. W. Hoaniey 
Pp. 136; tbls. 22; figs. 13. Price, $1.00 1 comprehensive study of mica deposit 
including uses, atomic structure, geology of mica and vermiculite deposits, domes 


tic and foreign occurrences of mica, and the status of the Canadian mica industr 


Aeromagnetic Maps, Ontario, Nos. 910g-919g, scale 1/63,300; De Lesseps, 
Miniss, St. Joseph, Kawinogans, Dobie, Obabika, Kecheokagan, Mawley, Don- 
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nelly, N. Caribou. Geologic maps (uncolored), preliminary series, scale 
1/63,630. Chilliwack and Quesnel Lake, British Columbia; Nichicun- 
Kaniapiskau, Quebec, scale 1/506,880: Vernon, British Columbia, Trout Lake, 
Ontario, British Columbia (colored), scale 1/253,440. Aeromagnetic Maps, 
Nova Scotia, Nos. 784¢-785¢, 788¢, 790g-792¢, scale 1/63,360: Chezzetcook, 
Musquodobit, Tatamagouche, Uniacke, Kennetcook, and Bass River. Maps 
925g-929¢, Ontario, Neverfreeze Lake, McCree Lake, Osnaburgh House, 
Ochig Lake, Tarp Lake, Mamiegowish Lake, Forester Lake, Opapimiskan 
Lake, Wachusk Lake, and Menako Lakes. 


Univ. California Publications in Geological Sciences—Berkeley, 1960. 


Vol. 34, No. 5. Origin of Rock Creek and Owens River Gorges, Mono 
County, California. Witttam C. Putnam. Pp. 221-280; pl. 31-40; figs. 3 
maps 3. Price, $2.00. Both gorges were probably eroded due to increased dis 
charge of the occupying rivers as they captured major water sources through 
headward growth 


Vol. 36, Nos. 3 and 4. Ohlson Ranch Formation, Pliocene, Northwestern 
Sonoma County, California. Cuartes G. Hicctns. Pp. 199-232; pls. 3; figs 
6; map 1. Paleontology and Correlation of the Ohlson Ranch Formation. 
Josepu H. Peck, Jr. Pp. 233-242; pl. 1. Price, $1.50 This formation is 


essentially a shallow-water terrace deposit The fauna suggest that sea-surface 


temperatures were somewhat warmer than at the present 


Fiji Geological Survey—Suva, 1959-1960. 


Bull. 5. Geology of Savusavu Bay West, Vanua Levu. R. W. BartHoL_omew. 
Pp. 28 pls. 12. Map, scale 1/50.000. Price, 12s. 6d. A small open-cut gold 
mine was worked from 1932 to 1944 Tt vielded 63770 OZ. oF gold and 1830 OL 
of silver 

Annual Report for the Year 1959. I’p. 21; maps 3. Price, 2s. /mnterest is 


developing in bauxite exploration 


Geological Survey of India—Delhi, 1958-1959. 


Bull. 15. The Manganese-Ore Deposits of Panch Mahals and Baroda Dis- 
tricts, Bombay State. B.C. Roy. Pp. 43; pls. 10. Price, Rs. 3.25 or 5sh. 3d 
The principal types of ore deposits are 1) regional, progressive replacements 
») veins, 3) manganiferous laterite gravels or soils, and 4) concentrations along 
fractures 

Bull. 16. High Grade Limestone Deposits, Dehra Dun—Mussoorie Area, 
U. P. D. R. S. Menta, R. N. Murtny, and A. S. MarastmuHan. Pp. 51 
thls. 27; pls. 6. The limestone deposits occur in the Upper Krol rocks. The lime 
stone with CaO between 50-55% is considered chemical grade and there ar 
quarriable reserves of 143 million tons 

Bull. 17. The Manganese-Ore Deposits Near Joida, North Kanara District. 
B. C. Roy and Y. S. Sanasranupue. Pp. 24; pls. 7. Price, Rs. 2.50 or 4 sh 
The manganese ore is associated with the weathering of the Dharwars rocks and 


the formation of lateritic soils 


Ohio Department of Natural Resources—Columbus, 1959. 


Water Plan Inventory Rept. 6. Water Use in Ohio. Antuony R. RupNiIck 
Pp. 60; pls. 6: thls. 11. Price, 50 cts. Ohio has enough water for its future needs 
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if managed properly. Shortages may occur through failure to solve admimstrative 
and other similar problems 


Water Plan Inventory Rept. 7. Irrigation and Rural Water Use in Ohio. 
ArTHurR F. Woiporr. Pp. 57; pls. 6; figs. 10; thls. 8. Price, 50 cts. At present, 
irrigation of golf courses requires more water than is used for irrigation by all th 
farms in the state 


U. S. Geological Survey—Washington, D. C., 1959-1960. 
Bull. 1028-0. Geologic Reconnaissance of Semisopochnoi Island, Western 
Aleutian Islands, Alaska. Rosert R. Coats. Pp. 477-519; pl. 10; figs. 4; 
tbl. 1 Price, $1.25. The island consists entirely of Pleistocene and Recent 
basaltic volcanics and derived sediments 


Bull. 1028-P. Geology and Submarine Physiography of Amchitka Island, 
Alaska. H. A. Powers, R. R. Coats, and W. H. Netson. Pp. 521-554; pl. 1, 
figs. 2; tbl. 1. The bedrock of Amchitka Island ranges in age from pre-Oligocene 
to Pleistocene 

Bull. 1028-Q. Geology of Rat Island, Aleutian Islands, Alaska. Rk. Q. Lewis 
W. H. Netson, and H. A. Powers. Pp. 555-562; pl. 1; fig. 1 Price, 35 cts 
The geology of Rat Island, in the western Aleutians, consists of an older series 
of andesite flows and breccias overlain by basaltic flows and tuffs 

Bull. 1071-D. Geology of the Huerfano Park Area, Huerfano and Custer 
Counties, Colorado. Ross B. Jounson. Pp. 87-119; pls. 6; fig. 1. Price, $1.25 
1 study of the compressional effects on the sedimentary rocks of thrusting toward 
an area of vertical uplifting 


Bull. 1071-E. Geology of the Lower Marias River Area, Chouteau, Hill, 
and Liberty Counties, Montana. J. F. Smirn, Jr., |. J. Witkinp, and D. |} 
TrimBLe. Pp. 121-155; pls. 3; figs. 4. The bedrock is of Late Cretaceous age 
ranging from the Colorado Shale to the Judith River formations. Two tills ari 
recognized in the Pleistocene deposits. 

Bull. 1072-K. Geology and Oil and Gas Possibilities of Upper Mississippian 
Rocks of Southwestern Virginia, Southern West Virginia, and Eastern Ken- 
tucky. R. H. Wiiproit and D. W. Marpen Pp. 587-656 - pls. 3; figs. 7: th 1. 
The results of stratigraphic fieldwork during 1948 and of studies of subsurface 
stratigraphy during 1949 are presented 

Bull. 1072-L. Distribution of Silica Resources in Eastern United States. 
Tr. D. Murpuy Pp. 657-665; pls. 9 Text includes definitions and uses of 
silica raw materials and states industrial specifications Vaps show location 
of silica resources and operations. 

Bull. 1072-M. Geology and Fuel Resources of the Mesa Verde Area, Monte- 
zuma and La Plata Counties, Colorado. ALexanper A. Wanek. Pp. 667 
721; pls. 13; fig. 1; thls. 7. The rocks exposed are of late Cretaceous age ranging 
from the Dakota sandstone to Cliff House sandstone. Oil and gas possibilities 
are discussed 

Bull. 1076. The Square Buttes Coal Field, Oliver and Mercer Counties, North 
Dakota. W. D. Jounson, Jr., and R. P. Kunxer. Pp. 92; pls. 7; figs. 4 
tbls. 6. Coal reserves in the Fort Union formation in the Square Buttes field ari 
estimated to be 3 billion tons in beds 2% feet or more thick 

Bull. 1087-D. Geology and Uranium Deposits of Monument Valley, San 
Juan County, Utah. R. Q. Lewis, Sr., and D. E. Trimere. Pp. 105-131; 








1080 REVIEWS 


pls. 4; figs. 6; tbls. 3. Price, $1.00 ill the uranium vanadium deposits in the 
Vonument Valley area are restricted to the lower channel sediments of the Shina 
rump member of the Chinle formation 


Bull. 1095. Bibliography of North American Geology, 1957. Rutn R. Kine 
VirGINIA M. Jussen, Evtsaretn S. Loup, and Georcianna D. Conant. Pp 
531. Price, $1.75. 

Bull. 1105. Selected Annotated Bibliography of Gypsum and Anhydrite in 
the United States and Puerto Rico. C. F. Witnincton and Marion C. Jaster 
Pp. 126. More than 400 annotated references, to January, 1959, on the geology 


geographic occurrences, origin, technology, and uses of gypsum and anhydrite 
Bull. 1106-D. Geophysical Abstracts 179, October-December, 1959. Dororny 
B. VitaLtano, S. T. Vessetowsky, and others. Pp. 407-531. Price, 40 cts 
Bull. 1109. Geologic Appraisal of Dimension-Stone Deposits. L. W. Currier 
Pp. 78; pls. 7; figs. 2; thls. 4. A background and field quide for the qgeologi 
study of commercial stones 

Bull. 1112-A. Selenium in Some Epithermal Deposits of Antimony, Mercury 
and Silver and Gold. D. F. Davinson. Pp. 16; figs. 2; tbls. 6. Price, 15 cts 
Deposits of silver and antimony are commonly highly seleniferous in contrast 
similar deposits of gold and mercury 


Prof. Paper 272-C. Review of Literature on Evaporation Suppression. G. B 
Macin, Jr., and Lois E. Ranpbaui Pp. 53-69. Price, 20 cts The waa 

wlcohols such as hexadecanol and octadecanol show the greatest promise of the 
monomolecular films tested. Many problems remain to be solved 


Prof. Paper 322. Pre-Tertiary Stratigraphy and Upper Triassic Paleontology 
of the Union District, Shoshone Mountains, Nevada. N. J. Sirpertinc. Pp 
67; pls. 11; figs. 3. A study of upper Paleozoic and lower Mesozoic marine 
sedimentary and volcanic rocks, with descriptions of upper Triassic cephalopods 
and pelecypods. 

Prof. Paper 354-C. Giant Waves in Lituya Bay, Alaska. Don |. Mitier 
Pp. 51-86; pls. 9; figs. 7; tbls. 1. The relatively frequent occurrence of giant 
waves in Lituya Bay is attributed to the combined effect of recently glaciated 
steep slopes, highly fractured rocks and deep water in an active fault cone, hear 

rainfall and frequent freezing and thawing 

Water-Supply Paper 1457. Ground-Water Conditions in the Avenal-McKit- 
trick Area, Kings and Kern Counties, California. P. R. Woop and G. H. 
Davis. Pp. 141; pls. 5; figs. 10; thls. 10. Jn most areas the high sodium (mostly 
sulfate) content of the groundwaters make them of doubtful quality for irrigation 


Water-Supply Paper 1458. Geology and Ground-Water Resources of the 
Rawlins Area, Carbon County, Wyoming. D. W. Berry. Pp. 74; pl. 1; 
figs. 5; tbl. 1. Jn the vicinity of Rawlins copious water supplies are available 
from the Cloverly formation, Tensleep sandstone, Madison limestone, and Cambrian 
rot ks 

Water-Supply Paper 1484. Geology and Ground-Water Features of Shasta 
Valley, Siskiyou County, California. Seymour Mack. I’p. 115; pls. 2; figs 
12; tbls. 23. The Plutos Cave basalt constitutes the principal aquifer yielding an 
average of 1300 gallons per minute 
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SCIENTIFIC NOTES AND NEWS 


{ S. Geological Survey entists at the Hawauan Volcano Observatory have 
been observing a slowly cooling pond of molten lava in Kilauea Iki \ crust 
thick enough and cool enough to walk on has formed over the 2.500-foot diameter 
365-foot deep lava pond following the November—December activity By the end 
ot April a hole 74 teet deey has been put down into the crust with a small electri 
lrill and a carbide-tipped bit Che crust had then solidified to a depth of about 
10 feet and could be walked o1 The temperature at a depth of two feet was about 


‘ ~ 


500° Fahrenheit; at four feet it was about 940°F ; at six feet, 1250° and at 74 feet 


1400°, indicating a variation of about 210°F per foot At 12} feet the temper 
ture is 1685°F, and a red glow is visible toward the botton Below this the 
carbide-tipped masonry drill disintegrates at this high temperature It is quite 


ipparent that molten lava must be only a few feet further dow: 


The Honolulu Magnetic and Seismological Observatory recently constructed 


it Ewa Beach, Island of Oahu, Hawaii, was dedicated Thursday, June 23, 1960 
The new observatory ill serve as the Bureau’s principal geomagnetic station 
the Pacific, and will be a vital link in the Survey's vast program of locating earth 
quakes throughout the world It will continue to function as the nerve center « 
the extremely important ~é 1 SCA Wave W irning Svster in the Pacifx 
(;. Dessau who had, by the end of 1957 completes his mam UNESCO yi 
ent with Technion Israel Institute of Pechnology iW Hatta ha ince then beet 
it the University of Pisa, Italy, in charge of course on Mineral Deposits At 
the beginning of 1960 he left Pisa temporarily t peri ear as a Research Fellow 
t the Division of Geological Sciences of Harvard University under a Fulbright 
yrant and a grant from the Italian Council of Scientific Researcl He vorking 


on sulfur ores from Sicily 
| 


of Technology under an emergency grant from the National Science Foundatior 


1¢ Earthquake Engineering Research Institute and the California Institute 


have sent a team of scientists and engineers to Chile to collect data on the di 


astrous earthquakes there. Since this probably was the greatest series of earth 


quakes in history, valuable entific and engineering information should be forth 


coming from the study 

WALTER STOLL, professor of economic geology at the University of Buenos 
Aires, has been appointed consultant in geology and mining to the Pan America 
Union, Organization of American States 

Gold medals of the Institution of Mining and Metallurgy for 1960 have beet 
iwarded to Epwarp Durrietp McDermott and to Jutius KrutTTscHnitt 


QueNTIN D. SINGEWALD on leave from the USGS and has started a two year 


tour of duty with International Cooperation Administration to serve as geological 
adviser to the Institute of Applied Geology of the University of Istanbul, Turkey 
SPENCER S. SHANNO? s resigned a rector of the government's Office of 


Minerals Mobilizatior 


Vincent D. Perry } been elected to the board of directors of Greene Cananea 
( oppert ( ompany the Sonor Mexico subsidiary of the Anaconda Cor pany He 
i hee SSO ted t ‘ ‘ nining il gre log cal t ties e 1922 
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and has been vice president and chief geologist of the Anaconda Company since 


1957 
Joun M. Moore, Jr. has been selected for the Queen Elizabeth I] Fellowship 
for original research in earth sciences 


SOCIETY OF ECONOMIC GEOLOGISTS 


rhe 1960 Nominating Committee—D. F. Kidd, Chairman, James Boyd, and 
Carl Tolman—has nominated, and the Council has approved the nomination of 
the following slate to serve as officers of the Society of Economic Geologists for 


the terms and offices indicated 


President, 1962 


Africa Byron B. Brock 

Asia Luis Santo-Yfiiigo 
Australia Haddon F. King 
urope Kingsley C. Dunham 
North America |. Ruben Velasco 

South America Robert D. Butler 

Councilors, 1961-63 Ernest L. Ohle 
Frederick S. Turneaure 


Alfred W. Jolliffe 


In accordance with Article III of the By-Laws (as amended 1959), the ballot for 
election of officers will be sent to the membership in October 
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INCREASE IN SUBSCRIPTION RATE—ECONOMIC 
GEOLOGY 


Effective immediately on all orders for Vol. 56 and subsequent 
volumes until further notice: 


Per Vol. 


Domestic Rate .. 
North, South and Central America 
All others . 


Single issues $1.50 per copy 





ROCK ANALYSIS FOR GEOLOGICAL 
RESEARCH 


Rapid accurate results from an authoritative laboratory—carefully directed 
by graduate chemists and physicists—using modern techniques—spectro- 
graphic—spectrophotometric—chemical—reporting results six weeks after 
receipt of samples or sooner. 


Request Details or Submit Samples to: 


TECHNICAL SERVICE LABORATORIES 


355 KING STREET WEST TELEPHONE EMpire 2-4248 
TORONTO 28 CANADA 


Specialists in rock and mining analysis 


Research facilities available for: 


Ore Dressing—process development—extractive metallurgy investigations 
mill and plant analytical contro! methods 
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